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PREFACE 


The Department of Housing and Urban Development (HUD) is conducting 
the Modular Integrated Utility System (MIUS) Program devoted to develop- 
ment and demonstration of the technical, economic, and institutional advan- 
tages of integrating the systems for providing all or several of the utility services 
for a community. The utility services include electric power, heating and cool- 
ing, potable water, liquid-waste treatment, and solid-waste management. The 
objective of the MIUS concept is to provide the desired utility services consis- 
tent with reduced use of critical natural resources, protection of the environ- 
ment, and minimized cost. The program goal is to foster, by effective develop- 
ment and demonstration, early implementation of the integrated utility system 
concept by the organization, private or public, selected by a given community to 
provide its utilities. 

Under HUD direction, several agencies are participating in the HUD- MIUS 
Program, including the Energy Research and Development Administration, the 
Department of Health, Education, and Welfare, the Department of Defense, 
the Environmental Protection Agency, the National Aeronautics and Space Ad- 
ministration, and the National Bureau of Standards (NBS). The National 
Academy of Engineering is providing an independent assessment of the Pro- 
gram, 

This publication is one of a series developed under the HUD-MIUS Program 
and is intended to further a particular aspect of tl e program goals. 


V 


COORDINATED TECHNICAL REVIEW 

Drafts of technical documents are reviewed by the agencies participating in the HUD-MIUS Program, 
Comments are assembled by the NBS Team, HUD-MIUS Project, into a Coordinated Technical Review. The 
draft of this publication received such a review, and all comments were resolved. 
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MiUS IMTEGRATIOH AND SUBSYSTEMS TEST PROGRAM 

By WHiie S. Beckham, Jr., Gerald C. Shows, Tony B. Redding, Richard C. Wadle, 
Martin 6. Keough, and Jerry C. Poradek 
Lyndon B. Johnson Space Center 


SUMMARY 1NTRODUCTIOI4 


The Urban Systems Project Office at the Lyndon 
B. Johnson Space Center undertook the MIUS In- 
tegration and Subsystems Test (MIST) Program in 
support of the conceptual design work associated 
with the Modular Integrated Utility System 
(MIUS) Program sponsored by the U«S. Depart- 
ment of Housing and Urban Development. The 
MIUS Program was intended to develop and dem- 
onstrate the technical, economic, and institutional 
advantages of integrating the systems for providing 
all or several of the utility services for a com- 
munity; The objective of the MIUS Program was 
provision of the desired services consistent with 
reduced use of natural resources, environmental 
protection, and minimized cost, 

The MIST Prograni is the test verification of the 
MIUS design concepts. On a small scale, tests of 
fullrsize MIUS designs can be run to verify designs ; 
before full-scale deploymenL 

The test program herein described was a 
multiphase operation. Its initial thrust was to estab- 
lish the performance characteristics of the elements 
that make up the facility and to compare these 
results to manufacturers’ data. After the opera- 
tional envelope was explored and understopd, fully 
integrated tests were conducted, with the use of 
load profiles characteristic of different'types of user 
facilities and weather conditions, in an attempt to 
demonstrate capability of the^ s^^ 
funcfion in a long-term integrated fashion, to ex- • 
arnine the overall energy balance and polluting 
byproducts produced, and to compare the test 
results with the conventional, utility service ex- 
perience. 

Results of the integrated tests were highly en- 
cburaging. Total piaht efficiencies ranged from 57 
to 65 percent, an approximate doubling of the 
figures associated with conventional systems. 
Reduction of total input energy also results in fewer 
emissions. 


The objective of the MIUS Integration and Sub- 
systems Test (MIST) Program was to verify in 
practice the conceptual design approach of integrat- 
ing utility functions, with the goal of reducing 
energy consumption by increasing overall efficien- 
cy and reducing environmental problems associ- 
ated with providing these services. This document 
contains the description, results, and conclusions 
associated with the tests. 

The broad organization and objectives -of the 
Modular Integrated Utility System (MIUS) Pro- 
gram are delineated in the Preface. A detailed 
descfiptipn of the MIST facility and its operational 
characteristics are provided in the appendix, ^ 

The MIST facility was completed in April 1974 
and was accepted by the National Aeronautics and 
Space Administration (NASA) in May 1974 from 
the prime contractor, Haihilton'5tandard biyisidn 
(HSD) of the United Technologies Corporation. 
The MIST is a laboratory test-bed for evaluation 
and verification of MIUS concepts and is composed 
of commercially available hardware, described 
herein. The acceptance tests served to demonstrate 
the MIST capability to meet the operational 
speciflcations of the contract. Details of the accep- 
tance tests are contairied in the document “MIST 
Acceptance Test Report,” dated June 1974. Follow- 
ing completipn of the acceptance tests, the sub- 
systems tests and integrated-systems tests wereper- 
ribrtoed,'--'''; 

The rationale used in developing the test pro- 
gram was a building block approach that began with 
vendor performance data on individual hardware 
elements and culminated in simulations of com- 
plete time cycle profiles representing a typical user 
facility configuration under actual environmental 
conditions. Design analysis for establishing the 
final MIST configuration was based on vendor-sup- 
plied operating data for the individual hardware 
components. The test profiles were constructed to 


best investigate hardware components, as well as 
the key issues raised as a result of the analytical 
design studies conducted in the MIUS Program. 
The MIST Program was conducted in three phases, 
as follows. 

Phase I — acceptance tests 
Phase II — subsystems tests 
Phase III — integrated-systems tests 

The data derived from the phase II testing provided 
performance and calibration measurements for the 
individual subsystems. The data derived from the 
phase III testing provided performance and calibra- 
tion measurements for the series I (static set 
points) and series II (dynamic 24-hour profile) 
integrated-systems tests. 

As an aid to the reader, where necessary the orig- 
inal units of measure have been converted to the 
equivalent value in the Systeme International 
d’Unites (SI). The SI units are written first, and the 
original units are written parenthetically thereafter. 


KEY MIUS DESIGN ISSUES 

During early design work on the MIUS Program, 
several issues were raised that could not be resolved 
with confidence by analysis alone. The test in- 
vestigation of these issues was, in fact, one of the 
reasons for building the MIST facility. Those issues 
into which insight was gained in the subsystems 
and integrated-systems tests are briefly described in 
the following subsections. 


Thermal Integration Techniques 

Thermal integration of MIST/MIUS subsystems 
requires that all thermal entities — the prime- 
rs ;r/incinerator heat loop, the cooling loop, the 
heoung loop, and the wastewater management sub- 
system (WMS) loop — be operated as an integrated 
utility system over a variety of cyclical load profiles 
and utilize effectively all recovered waste heat. 
Techniques for integrating the waste-heat recovery, 
transport, and utilization between subsystems were 
studied. 


MIxad'Mode Alr-CondItioning 

Energy savings resulting from the use of absorp- 
tion and compression chillers, with the absorption 
chiller carrying the baseload commensurate with 
the available high-grade waste heat from the prime 
mover and the incinerator and with the compres- 
sion machine serving as the peaking chiller, were 
considered a potential improvement. Control of the 
two chillers to effectively reduce the energy used 
for space cooling was the key issue examined. 


Thermal Storage 

The efficient collection and storage of thermal 
energy in the MIUS at off-peak periods for utiliza- 
tion during peak periods as a supplementary energy 
source to optimize the energy savings is a prime 
issue. Multiple arrangements were made in the 
MIST to test the charging and discharging of ther- 
mal storage both upstream and downstream of the 
absorption and compression chillers. Generation of 
chilled water for storage during off-peak hours for 
utilization during the subsequent peak period was 
studied to determine electrical power “peak shav- 
ing” capability. Collection and storage of hot water 
for heating was accomplished in conjunction with 
peak electrical loading for use during periods of low 
electrical load and high heat demand. The incinera- 
tor was operated at full load to supplement addi- 
tional high-grade-heat requirements. Charging rates 
and usage rales of the thermal energy tanks were 
determined. 


Integration of Subsystems Control 

A key issue in utility subsystems integration is 
the problem of controls imitation. The MIUS will 
utilize waste products of one or more subsystems 
(water, heat, sludge for fuel, etc.) as a primary input 
for another subsystem, and this interdependency 
must be carefully controlled. The control of one 
subsystem process must be governed not only by 
the loads to be met by that process, but also by the 
functioning of the other processes that provide the 
energy input. If the product of a unit is required by 









another subsystem, the unit may not automaticaily 
shut down when louds decrease below the amount 
required for maximum efOcicncy. This issue was 
addressed by experience gained in operating the 
Mist facility rather than by any specific test. 

Display Requirements 

The display of control and monituring^ infurma- 
tion for any one of such suhsysumis is quite con- 
ventional; however, becaiise the parameters of one 
subsystem directly innuence those of another sub- 
system in both the MIST and Mius, the informa- 
tion must be easily related through the displays. 
Groupings of related parameters in various process 
loops were limited in the MIST; however, an MIUS 
installation would require either such an arrange- 
ment or monitoring displays that enable the opera- 
tor to scan a given segment of the control panel to 
determine the status of related processes. This issue 
was addressed by operational experience in the 
same /manner as controls tnt^ration. 

tEStRROGRAM 

The test program was conducted in three phases. 
The phMo I tests Wer the prime dbh' 

tractor as a demonstration of compliance with con-> 
tract specincations, and results were reported in the 
MIST Facility Final Report' Phase II of the test 
prograth pertained to individual subsystems tests;, 
whereas phase III was a series of integrated tests. 

Rhise II (Subnystoms) Tests 

One objective of the phase II series of tests was 
to obtain perfoFmance data and operationel cb^ec- 
teristics of the indi vidud MIST suteystems over 
thdr foil range of operatin^^^^ These data 

will be correlation with and validation of 

vendor-supplied data ibr use in system perfor?^ 
mamce compateF mathematical models^ and for 


subsystem evaluations made during the phase II i 
integFated-systems testing. To the maxi mum exten i 
practical, each subsystem was to be operated nutc 
pendently from the others to avoid confusion >• 
performance data. The subsystem-level lesi'. s< 
served to calibrate and validate the pcrlonn.iMLe i 
the MIST electrical- and thermal-load simul.iUK'. 
over their fuU operational range. 

Additional objecllve.s of the phase It lesK ''•v - 
to obtain performance data ami operational il- 
teristics of the total MIST ,sy.stem and to ilf i. 
sirate the capability of the .system to meet 
mix of imposed loads in an efficient manner 

Power Generation Subsystem 

The purpose of the power generation subsystem 
fPGS) test series was to determine engine fuel con- 
sumption, engine heat-production rates, and hcai- 
recovery-unit (HRU) performance as functions of 
electrical load supplied by the generator. Tests were 
divided into three series, as follows. 

'Series I — i- forced^lrculation jacket water, 
355.37 K (180* F) 

Series II — forced-circulation jacket water, 
377,5$ K(22(FF) 

&fies HI — ebullient Cooling, 394;26-K (250'* F) 
jacket water 

Engine noise levels and engine exhaust emissions 
were also measured, 

Subsystem description.-^b^ MIST PGS gener- 
ates, conditions, regulates, and controls electrical 
power for the odier MIST subsystems and for the 
simulated external loads. The PGS consists of a 
di^el engine-generator set with heat-recovery units 
on the en^ne-exhaust stack, the engine lubrication 
oi|/aftercoOler, and. the engine jacket-water coolant 
iodps. The engine is a four-cycle, turbochaFged, in- 
line, sixteylinder unit thatoperates at 1200 rpm and 
drives a 375-kiiovolt-ampere 60-hertz, three-phase, 
brush-type genra^tor. For testing purposes, the 
engine may be operated in either the ebullient or 


; jLyndoniB. j(Anson Space CentMi'HainiltoftStartdfeidJbiyMonor^ 

sysienis Test, MIST Final Facility Report, 1^4 :(JSC mieriial docume[li, festri'cted 4istdbudQn). 







the forced-circuiation jacket-water cooling mode by 
piping-configuration changes. The electrical output 
ratings of the MIST diesel engine^enerator are as 
follows. 

1. Capacity — continuous rating 

a. High-temperature jacket water (377.59 to 
394.26 K (220" to 250" F)) —230 kilowatts 

b. Standard cooling (355.37 K (180" F» — 
300 kilowatts 

2. Voltage — 480 volts alternating current, 
three-phase 

3. Frequency — 60 hertz 

4. Power factor — 0.8 minimum 

5. Regulation 

a. Voltage — ±1 percent 

b. Frequency ±0.05 percent. 

Figure 1 is a schematic diagram of the diesel engine 
and its associated heat-recovery and cooling loops, 
showing the engine interfaces with the MIST. Also 
shown are the locations and designations of opera^ 
tional and engineering instrumentation used in the 
PGS testing. Figure 2 is a simplified schematic 
diagram of the MIST electrical system. More 
detailed descriptions of the MIST PGS are found in 
the MIST Test Requirements Document and the 
MIST Facility Final Report.' 

Test description.— All three PGS test series were 
conducted in essentially the same manner; the only 
difference was that associated with the different 
cooling modes. The engine-generator was operated 
at steady-state electrical load conditions of 0 (net) , 
50, 100, 150, 200, and 230 kilowatts. The zero-load 
condition was defined as the minimum self- 
sustaining load; i^e., all the electrical power gener- 
ated is used to drive engine auxiliary equipment. 
The engin&rgenerator loading (above the zero 
point) was accomplished by using the electrical- 
load simulator. For each load test point, the engine- 
generator was operated at steady-state conditions, 
with waste-heat production and power generation, 
for a sufncient length of time (normally 0;5 hour) 
to obtain an accurate fuel consumption measure- 
ment. The fuel consumption was measured by 
means of the differential volume technique. The ac- 
curacy of the measurement was approximately 
±0,2 X 10"^ cubic meter (±0i03 gallon). A 


summary of the test procedure *jsed in each test 
series follows. 

1. Establish/verify test configurations. 

2. Start engine according to standard operating 
instructions and activate all ancillary equipment re- 
quired for proper engine cooling. 

3. Shut off supply valve to the fuel day tank and 
record fuel level in graduated sight glass on day 
tank. 

4. Operate engine-generator at a .steady-.state 
zero net load to the electrical-load simulator for 30 
minutes. Record data. 

5. Increase electrical load on the engine-genera- 
tor to SO kilowatts, using the electrical simulator 
load bank. Operate for 30 minutes at constant load 
as observed on the engine-generator wattmeter. 
Record data, including fuel consumption. 

6. Repeat operation of item 4 for electrical loads 
of 100, 150, 200, and 230 kilowatts. 

7. Reduce simulated electrical load to zero. 

8. Perform engine shutdown and auxiliary 
equipment shutdown according to standard operat- 
ing instructions. 

During initial PGS testing, several load-transient 
tests were performed to determine thermal 
stabilization periods between toad changes. Tests 
were conducted for both ebullient and forced- 
circulation cooling. The procedures used in con- 
ducting the tests were generally as follows. 

1 . Load-increase transient 

a. Establish engine-generator operation at 
100 kilowatts and continue operation for 1 hour or 
until all temperatures and flow rates have 
stabilized. 

b. Increase the entwine load from 100 to ISO 
kilowatts. 

c. Simultaneously with step 1-b, begin 
recording system temperatures and flow rates at 15- 
second intervals, including measurement of steam- 
condensate return rate- Continue recording until 
condensate Teturn rate has stabilized. 

2. Load-decrease transient —• Reverse the pre- 
vious procedure, decreasing the load from 150 to 
100 kilowatts. 


^Lyndon B, lohnson Space Center; Hamilton-Standard Division the United Technoiopes Corp.. MIUS Integration and Sub- 
systems Test; MIST Final Facility Report, 1974 (JSC internat document, restricted distribution). 






Data each test series and for 

each load condition, the engineering and (^ra- 
tional data listed in tables I and II were recorded 
continuously on a DEXTIR data acquisition 
system. The sensor numbers listed in tables I and II 
may be correlated with their location shown in 
flgure 1. 

The steam prodiiction rate was determined by 
collecting and weighing the quantity of condensate 
from the excess-steam condenser during a 
fixed-period test run. These data were recorded 
manu^ly, as were the fuel consumption measure- 
ments. Key operational parameters such as jacket- 
water temperatures, exhaust-gas temperatures, and 
lubrication oil/aftercooler coolant temperature 
were monitored for stability during each steady- 
state run. Tliese data were also manually recorded 
for checking against the data printouts. 

Test results.-^he MIST PGS test results consist 
primarily of diesel engine-generator thermal perfor- 
mance characteristics for the three PGS test series. 
Key parameters to be evaluated include en^ne fuel 
consumption under steady-state lOad conditions, 
engine-cooling and heat-recovery rates, and tran- 
sient thermal response characteristics. 

Series 1 and U — . forced-circulation cooling; 
Figure 3 shows engine fuel consumption rates 
Under a steady-state load condition for the forced- 
circulation jacket-cooling mode. Measurements are 
sho^ fnr both the 355.37 K (180® F) (series 1) and 
37^,59 K C220® F) (series II) jacket-water mlet- 
temperature conditions. In both cases, the 
waterflow rate through the engine cylinder cooling 
jackets was 0.6 mVinih (160 gal/min). Note, in 
ngine 3, the negligible difference in fuel consump- 
tion with respect to the two different jacket-water 
operating temperatures. Note also the excellent 
agreement of the test ckita with fuel consumption 
data quoted by the engine manufacturer at 75, 150, 
and lbs kilowatts for the standard coolihg mode 
(355,37 K (180® E) forced circulation). 

Figure 4 shows the steam generation rate in the 
engine^xhaust heat-recov^ unit as a function of 
eh^ne load. As in the case of fuel consumption, 


nal vendor data indicated “recoverable" exhaust, 
based on a constant 422.04 K (300® F) final (T-5) 
gas temperature. Actually, the final temperature 
varies with engine load as would be expected, and 
the exit temperature was greater than 422.04 (300° 
F) at engine loads exceeding 80 kilowatts. 
Therefore, for comparison purposes, the vendor 
data have been corrected to die measured exit tem- 
peratures. However, this correction did not bring 
the vendor data in line with the measured heat 
recovery. This discrepancy appears to be a result of 
lower measured exhaust-gas flow rates and lower 
initial exhaust temperatures than those stated by 
the supplier. 

The accurate determination of engine jacket- 
water and oil cooler/aftercooler heat-recovery rates 
was complicated by the relatively small inlet-to-out- 
let temperature difference of die cooling water in 
passing through the engine and heat exchanger. In 
general, at low engine loads, when generation rates 
are reduced, the error was greatest Table 111 shows 
a heat balance for the engine operating at 150 
kilowatts. Both 355.37 and 377.59 K (180® and 220* 
F) jacket-water-temperature cases are shown. The 
table shows the current nend: (1) that more heat is 
transferred to the jacket water at lower jacket- water 
temperature because of the larger gradient available 
and (2) that at the higher temperature, more heat is 
transferred to the oil cooler/aftercooler coolant 
loop. In both cases, approximately 75 percent of the 
input fuel energy (lower heating value 
(LHV) “ 37 601.5 MJ/m* (135 000 Btu/gal)) was 
recovered. If the unrecovered exhaust heat is added 
to this quantity, approximately 90 percent of the 
total input energy is identified. The balance of the 
energy is attributed to radiation and convecdon 
losses from the engine and associated cooling 
equipment. 

Seiies III -— ebullient cooling: Figure 6 shows the 
engine fuel comsumption as a function of load for 
the ebullient-cooling mode. As in the case of 
forcecMirculation cooling, the manufacturer’s fuel 
consumption data agree with the measured values. 


very little i^erence to heat-tecci'yery rates is ob- 
served between 37^.59 K (180® and 

220® Fjjacket-wator-operaUng-temperattoe m 
Figure 5 Shqws essentially the same data shown 
in fi^e 4 except that toe steam prodt^^^ has 

been convert^ to a heat rate so toat perforniitoce 
ramparisons can be made With vendor data and 
Vdth exhaust-gas sensibie-heat transfer. Tile origi- 


Figure 7 shows toe steady-state steiun generation 
rate from engine-exhaust heat and jacket-water heat 
recnvery as a function of ^^ne-generator load. 
The equivalent heat recovery is shown in figure 8. 
Also shown (fig. 8) is the vendor’s esUmate of 
“recoverable” heat corrected to toe measured exit 
temperature of the exhaust gaseS. AS in the forced- 
clrGUlation case, toe measured values are lower than 
the corrected vendor Values. A partial explanation 



5 


for this discrepancy is the lesser exhausugas heat 
recovery observed in the forced-circulation tests. 
Other possibte reasons include lower gas-flow rates 
and inlet temperatures compared to the vendor 
data. A discussion of these parameters is provided 
in a subsequent section of this report. 

Figure 9 shows the input heat rate and the dis- 
tribution of electrical and thermal output heat rates 
as a function of engine load. Note that at full load 
(230 kilowatts), approximately 78.3 percent of the 
input fuel energy (LHV) is recovered in the form of 
electrical and thermal energy, or slightly more than 
in the forced-circulation-cooling-mode cases, 

Figure 10 shows the heat rate or specific fuel 
consumption (SFC) of the engine-generator unit as 
a function of load. Data points shown for the two 
forced-circulation cases and the ebullient-cooling 
case indicate very tittle difference in SFC with 
respect to cooling mode except at tow loads, at 
which the ebullient mode is slightly better. The heat 
rate is minimum and relatively flat with respect to 
load from approximately 150 kilowatts (65 percent) 
to full load (230 kilowatts). The full-load heat rate is 
2.9 J|/Je (9750 Btu/kWh), which corresponds to a 
thermal-to-electrical conversion efficiency of 35 
percent. 

Engine exhaust-gas heat-recovery unit: Figure 11 
shows exhaust-gas temperatures at the inlet and the 
exit of the heaurecovery unit as a function of 
engine load. Because performance of the heat- 
recovery unit was not in accordance with original 
predictions, the unit was cleaned. As indicated in 
the figure, the final (exit) exhaust temperature 
dropped approximately 55.56 K (100“ F) because of 
the cleaning operation, a result indicating increased 
heat transfer from the gas to the water in the heat- 
recovery unit. The ste.»m generaUon rate increased 
approximately 20 to 25 percent in the forced- 
convectionrcooiing mode. During testing, the ex- 
haust gases were found to contain large quantities 
of unbumed hydrocarbons, which would accumu- 
late on the tube walls. One explanation for the car- 
bon buildup is that the engine was operated at low 
loads for extended periods. 

Noise data; Engine noise data were measured 
during the initial PCS testing with the engine set up 
for forced-circulation cooling. Measurements were 
made with a Bruel and Knaer sound-level meter, 
type 22(B; with octave band filter set Table TV 
shows the sound levels in decibels at distances of 

0.9, 7.0, and 15.2 meters (3,23, and 50 feet) from the 
engine. Measurements were made at engine loads 


of 20, 50, 100, 150, 200, and 230 kilowatts. The data 
indicate that noise levels are almost invariant with 
load. The noise levels measmed agree with availa- 
ble engine manufacturer's data (table IV). 

Thermal transient tests: Figure 12 shows the 
steam-condensate return rate variation during the 
load transients. This parameter was the most 
responsive to load changes. From figure 12, it can 
be observed that the load-increase transient stabil- 
izes within 1.5 minutes for the forced-circulation 
case (377.59 K (220“ F) jacket water) and within 2,5 
minutes for ebullient cooling. The load-reduction 
transient, which is shown for the ebullient-cooling 
mode only, stabilizes within 1.5 minutes. 

Exhaust-gas analysis: An example of exhaust- 
gas-analysis test data is presented as table V. A 
summary graph of several parameters is included as 
figure 13. During the entire test period, stack^gas 
visible emission was sometimes observed to be less 
than 10 percent of capacity and did not exceed the 
permissible 20 percent of capacity at any time. 

The maximum particulate emission occurred 
with the engine operating at lOO-percem load and 
was calculated to 64 000 /ig/m^. On the basis of an 
average gas-flow rate of 17.0 m’/min (600 ftVmin), 
this particulate emission is equivalent to a pollutant 
mass rate of 0.07 kg/hr (0.15 Ib/hr). The maximum 
allowable emission rate was calculated to be 1.1 
kg/hr (2.5 Ib/hr). 

Conclusions and recomrnendations.r—Oa the basis 
of the results of PGS testing to date, the following 
conclusions have been reached. 

1. Engine fuel consumption data closely agree 
with manufacturer's data. 

2. The electrical generation performance is ac- 
ceptable and within specification requirements for 
the MIST facility. 

3. The engine heat rate (fuel heat energy input 
per uiiit of electrical energy generated) was not 
affected by the engine operating temperature (cool- 
ing mode) within the accuracy of the measurement 
technique used. 

4. Performance of the exhaust/jacket-water 
heat-recovery unit is substantially reduced by soot 
buildup on the liiside surfaces of the boiler tubes. 
Reduced performance |s indicated by increased 
final (exit) exhaust-gas temperatures and reduced 
steaiii generation under constant engine-load condi- 
tions, 

5. Final exhaust-gas temperatures from the 
heat-recovery unit ranged from 44.44 K (80“ F) to 


approximately 100 K (180” F) higher than that im> 
plied by vendor data. This increase resulted in a 
reduction in heat recovery below the “recoverable" 
amounts advertised in supplier data. 

6. The ebullient-cuoimg mode is preferable to 
the forced-circulation mode because (1) a jacket- 
water pump is not required (thus, parasitic loads are 
reduced), (2) the recovered jacket-water heat and 
exhaust heat are combined in a single, easily con- 
trollable low-pressure-steam system, and (3) 
slightly more energy is recoverable (78 percent 
compared to approximately 75 percent). 

7. Engine noise data agree with supplier-fur- 
nished data. 

8. The limited thermal transient testing con- 
ducted indicated that heat recovery (steam genera- 
tion rate) responds quickly to engine-generator load 
demands. Stabilization periods are on the order of 
1.S to 2.S minutes and should be compatible with 
niost heat-using equipment. 

9. The results obtained from exhaust-gas 
analysis indicated that the diesel engine was operat- 
ing well within the applicable limits for particulate 
matter as defined by the Texas Air Control Board, 

Recommendations are as follows. 

1. A more detailed evaluation of the diesel 
en^ne and its exhaust silencer heat-recovery unit 
should be made to determine heat-recovery-perfor- 
mance degradation as a result of soot buildup (foul- 
ing)- 

2. Additional and improved Instrumentation 
should be incorporated in the MIST PGS. 
Specifically, more thermocouples should be placed 
in the exhaust-gas duct and the steam-condensate 
system. Also, an improved (or more accurately 
calibrated) flowmeter should be placed in the 
exhaust-gas duct. An improved measurement tech- 
nique is also needed to obtain steam flow-rate data. 

Heating and Cooling Subsystem 

The purpose of the heating and cooling sub- 
system (MACS) tests was to determine the perfor- 
mance characteristics and operational efficiencies 
of the equipment through individual equipment 
testing over a full range of load conditions. Perfor- 
mance information wae collected and compared, if 
possible, with available manufacturer’s data. Six 
mqjor test series were associated with the HACS, as 
follows. 


1. Series I — absorption chiller test. This test 
was conducted to study the performance of the ab- 
sorption chiller during its operation within die 
MIST complex with an energy source generated by 
the heat rejected from the diesel engine exhaust and 
jacket water. The main purpose was to determine 
the chiller capacity as a function of steam rate and 
cooling-water temperature. Resulting data were 
used to determine the chiller coefficient of perfor- 
mance (COP), the overall ervargy consumption, and 
the subsystem efficiency. 

2. Series II — compression chiller trat. The 
scope of this test was an examination of the 
electrically driven compression chiller similar to 
that of the absorption chiller. Capacity as a function 
of eondensing-water temperature and return- 
chilled'water temperature was examined; and, from 
the collected data, the COP, the total power used, 
and the subsystem efficiency were determined. 

3. Series III combined-chiller performance 
and control characteristics. The objectives of this 
test series were twofold. The foremost objective 
was to analyze the chillers operating together and 
determine their combined performance charac- 
teristics. Secondly, the test was designed to examine 
those techniques used to control the combined 
chilled-water temperature and determine what 
effect the location of the chilled-water temperature 
sensor would have on compression chiller opera- 
tion and the resulting combined coefilcient of per- 
formance. 

4. Series IV thermal storage tanks. The hot 
and cold thermal storage tanks were tested to evalu- 
ate their charging, (Uscharging, and heat-storage 
characteristics for selected chilled-water flow rates. 
An additional effort was made to analyze tem- 
perature stratification within the tank and thus to 
determine whether significant thermal separation 
was maintained and what effect it may have had on 
thermal storage capacity. 

5. Series V — heat rqjection/heat transfer. 
Determination of the heat-rejection characteristics 
of the cooling tower white the PGS, the HACS, and 
the incinerator were operational was the goal of this 
test series. In addition, the heat-transfer charac- 
teristics of the oil aftercooler interdianger, the 
jacket-water interchanger, and the excess-steam 
condenser were to be determined, and their thermal 
effectiveness was to be assessed. 

6. Series VI — ancillary heat exchangers. This 
test series enabled those heat exchangers not in- 
cluded in series V tests to be examined for thermal 
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effectiveness of heat transfer under varying load 
conditions. A iist of th-at equipment follows. 


Facility heat exchanger 
Auxiiiary facility heat exchanger 
WMS heater 
Freshwater preheater 
Freshwater heater 
Water sterilization heat exchanger 
Regenerative sewage heater 
Sterilization regenerative heat exchanger 


Subsystem description.— The MACS provides 
space heating and cooling to the using facility. It has 
the capability to store and then utilize thermal 
energy recovered from the power generation sub- 
system and the incinerator. Cooling is provided by 
chilled water produced by an 87.9-kilowau (25 ton) 
absorption unit using 103 x 10''-pasca1(lS psig) 
steam and by an 82.6-lcilowaU (23.5 ton) electrically 
driven reciprocating compression unit. The 
baseline is satisfied by the absorption machine, and 
the peak demands are satisfied by the compression 
unit. Chilled water is delivered to the simulated 
cooling load at a temperature of 279.82 ± 1.11 K 
(44® ± T F). The cooling loop is equipped with a 
9.8-cubic-meter (2600 gallon) cold-water storage 
tank capable of storing 297.8 megajoiiles (282 495 
British thermal units). The total capacity of the 
system is dependent upon available waste-heat 
energy from the engine and the incinerator, but the 
cooling-load simulator is designed to impose loads 
of as much as 175.7 kilowatts (600 000 Btu/hr) on 
the system. 

Steani and/Or hot water recovered through the 
heat exchangers interfacing with the engine and the 
incinerator is used to satisfy a 146.4-kilowatt 
(S0O OOO Btu/hr) space-heating requirement at a 
temperature of 355.37 K (180* F), and to heat 0.01 
m^/min (2.77 gal/m in) of domestic hot water from 

283.15 to 344.26 K (50® to 160® F). In addition, ther- 
mal energy is used to enhance the operation of the 
wastewater treatment pl^t by increasing the tem- 
perature of the wastewater from 283.15 to 310.93 K 
(50® to 100® F) for proems stabilization and to 

373.15 K. (21:2® F) for sterilization. The space-heat- 
ing loop contains a hpt-water thermal storage tank 
of 9.jNubic-hieter (2600 gallon) capacity, capable of 
Storing 1378.1 megajoules (1 307 027 British ther- 
ihal uhiteji at3^^^ 

A 615-kiIowatt (175 ton) capacity wet-dooling 
tower is provided to reject all heat transferred into 


the cooling-water loop from the major equipment 
and heat exchangers. The blowdown water from 
the cooling tower can be processed in the 
wastewater management subsystem and returned 
as cooling-tower makeup water. 

The HACS has a total of 1 1 heat exchangers l or 
operation of the jacket-water interchanger and the 
auxiliary facility heat exchanger, the engine must 
be configured in the forced-circulation mode. An 
other heat exchangers require that the engine cool- 
ing be in the ebullient mode. 

Figures 14 to 20 are schematic repre.seniation.s oi 
the HACS showing relative positions of the compo- 
nents and instrumentation. 

Test description.— In geneTnl, the tests noted pre- 
viously were performed by using the MIST .stan- 
dard operating procedures. Heating and cooling 
loads were controlled by maintaining a predeie.' 
mined temperature difference between the ii.ici 
and outlet fluid at the HACS load simulators. Wjh-. 
the exception of the thermal storage tests, all flo-' 
rates were set in accordance with the design i l- 
quirements and were not varied during the tes's 
The temperature of the cooling-tower water wu-. 
controlled in accordance with test requirements oy 
manually adjustii^ the cooling-tower bypass vah. e 
to maintain the desired outlet temperature. Finally 
each test sequence was run for a minimum of 30 
minutes to ensure that a stable condition was ob- 
tained. 

Figure 14 depicts the space-cooling loop, show- 
ing the absorption and compression chillers plus 
Supporting components. In the series I tests, the 
diesel engine was configured in the ebullient mode 


and the electrical load was set at 180 kilowatts to en- 
sure maintenance of 103 x 10^-pascal (IS psig) 


steam pressure to the absorption chiller. The cool- 
ing load to the absorption machine was varied over 
a range from 35.2 to 87.9 kilowatts (120 000 Btu/hr 
(10 tons) to 300 000 Btu/hr (25 tons)), with incre- 
mental settings of 17.6 kilowatts (60 000 Btu/hr), 
for each of three cooling-tbwer water temperatures; 
namely, 299.82, 302.59, and 305.37 K (80®, 85®, and 
90® F). On the assumption that the cooling-water 
temperature drops by 2.78 to 5.55 K (5® to 10® F) as 
the water goes through the cooling tower, these 
valves represent dry-bulb atmospheric temperature 
conditions of 302.59 to 305.37 K, 305.37 to 308.15 
% and 308.15 to 310.93 K (85® to 90® F, 90® to 95® F, 
and 95® to TOO® F), respectively. The energy con- 
sumption (steam rate) of the chiller was deter- 
mined through enthalpy differences of inlet steam 
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and outlet condensate. The condensate was 
manually weighed and its temperature recorded 
periodically throughout each test setup. The con* 
flguration did not include the cold thermal storage 
tank; UteTefore, the thermal control bypass valve, 
SV-804, was closed to the tank during the test. 
Finally, amperage measurements were made on all 
operational pumps tuid motors in conjunction with 
generator voltage and power factor recordings so 
that the power consumption and resulting efficien* 
cies could be determined. 

For the series II compression chiller tests, the 
engine remained in the ^ullient mode, but the 
electricid power generated was the only energy in- 
put used. The engine toad and resulting steam 
generation were minimized by setting the electrical- 
load simulator to 0 kilowatt. The operational set 
point^ on the chiller was set at 28S.93 K (SS° F), and 
the cooling load was varied from 17.6 kilowatts 
(60 000 Btu^r (5 tons)) to 87.9 kilowatts 300 000 
Btu/hr (25 tons)) at l7.6-kilowatt (60 000 Btu/hr) 
increments. By loading the chiller in this manner, 
compressors (two cylinders each) could be cycled 
through their control steps of 40, 60, 80, and 1(H) 
percent of rated capacity. Each of these load condi- 
tions was repeated for cooling-tower-water tem- 
peratures of 299.82, 302.59, and 305.37 K (80®, 85®, 
and 90® F). Upon completion of this segment, the 
chiller set point was reset to 284.26 K (52° F) and 
the complete test was repeated. No thermal storage 
was attempted during this test. Instantaneous cur- 
rent readings were taken as in series I on all sup- 
porting equipment, and a continuous amperage 
record was made of the compression chiller motors, 
together with the generator voltage and power fac- 
tor, so that total energy consumption and sub^ 
system efficiency could be calculated. 

To accomplish the objectives of the series III 
combined-chiller tests, the engine was configured in 
the ebullient mode with a 180rkilowatt load im- 
posed to ensure adequate energy to drive the ab- 
sorpUon chiller. The cooling load was varied from 
70.3 to 175.8 kilowatts (240 QOO Btu/hr (20 tons) to 
600 000 Btu/hr (SO tons)) at 17.6-kilowatt (60 000 
Btu/hr) increments. This procedure was followed 
to determine the capability of the compression 
chiller to operate in conjunction with the absorp- 
tion chiller and satisfy all loaite in excess of 87^9 


kilowatts (25 tons). As in series II tests, loads were 
established so that the chiller compressors were 
cycled at 40, 60, 80, and 100 percent of their rated 
capacity. Similarly, as in series I and II tests, the 
temperature of the cooling-tower water to the 
chiller was controlled at 299.82, 302.59, and 305.37 
K (80°, 85°, and 90® F) for each load setting, and 
thermal storage was not included. 

Series III tests also included measuring the effect 
on power consumption of the compression chiller 
operational sensor location. The sensor was first 
placed upstream of the chiller inlet to sense return- 
chilled-water temperature; then it was moved 
downstream of both chillers to sense combined 
chilled-water output temperature. No change was 
made to the absorption chiller controls. Power 
measurements identical to those described pre- 
viously were made during this sequence of tests. 

Figures 15 and 16 are schematic representations 
of the thermal storage components within the 
respective cooling and heating loops. During series 
IV tests, the flow rates through the tanks were 
varied in an attempt to judge the relative effect on 
charge/discharge rates and on thermal mixing of 
the water in the tank with the inlet water. The 
engine was configured in the ebullient mode and set 
to generate 150 kilowatts of power. The heating and 
cooling loads were set at “zero” during the charge 
sequence and at “maximum” during discharges. 
The absorption chiller was operational during the 
cold thermal storage tests, and the facility heat ex- 
changer was online during the hot thermal storage 
tests. 

The flow rate to the cold thermal storage tank 
was electronically controlled through control valve 
SV-804 for full, three-fourths, and one-half flow. 
During cold-storage charge operations, the inlet, 
outlet, and tank temperatiu-es were monitored ev- 
ery IS minutes. When the chiller outlet and tank 
temperfuures (TP-31 and TP-33) became equal and 
the tank registered a temperature of 280.37 K (45® 
F) or tower, the tank was considered charged and 
the test was terminated. For the discharge run, the 
chilled-water return and tank temperatures (TP-36 
and TP-33) were monitored for similarity; and 
when the tank temperature reached 285.93 K (55* 
F), the test was ended. 


7The operational set point on the chiller represents the lowest temperature of return chilled water at which the chiller will operate. 
The sensor will automatically signal chiller shutdown when this tempefaiure is reached. 




warn. 


The hot thermal storage test was run using es- 
sentially the same techniques as noted previously. 
However, the flow was controlled manually by set- 
ting diverter valve SV-801 at positions of full, three- 
fourths, and one-half flow. The inlet, outlet, and 
tank temperatures were monitored as before, so 
that when the tank and the facility heat exchanger 
outlet temperatures (TP-28 and TP-30) became 
equal and the tank temperature reached 383.15 K 
(230° F) or higher, the charging was considered 
complete. During discharge, steam valve SO-56 to 
the facility heat exchanger was closed, and the ther- 
mal chuge satisfied the heating load until the inter- 
nal temperature registered full discharge at 349.82 
K (170° F). As a final test sequence, both the hot 
and cold tanks were charged and allowed to stand 
for 24 hours. Internal tank temperatures were taken 
periodically to establish heat leak or heat gain rela- 
tive to the atmosphere. 

In the heat-rejection/heat-transfer series V tests, 
the waste heat recovered from the engine, the 
chillers, and the incinerator was transferred into the 
cooling-water loop and rejected through the wet- 
cooling tower. This configuration is shown in figure 
17. During “engine only” testing, the cooling loop 
was configured so that only one cooling-water 
pump was operating to supply 0.9 mVmin (225 
gal/min). With the inclusion of the chillers and the 
incinerator, the cooling loop was reconfigured to 
bring two pumps on-line (items SlOA and 510B) to 
supply 1.7 mVmin (450 gal/min). The engine was 
configured in the ebullient-cooling mode. 

Loads were imposed on the cooling tower over 
the full range of MIST heat-rejection capabilities by 
using the prime mover, the air-conditioning 
chillers, and the incinerator in various load com- 
binations. The first segment of Ole test was per- 
formed with only the diesel engine operating 
through a range of 25 to 225 kilowatts at 25-kilowatt 
increments. The second sequence of loads was 
satisfied by using the en^ne and the chillers in 
combinatibn to obtain 150 kilowatts and 105.5 
kilowatts (30 tons), 175 kilowatts and 105,5 
kilowatts (30 toils), 200 kilowatts and 140.7 
kilowatts (40 tons), and; lastly^ 225 kilowatts and 
175,8 kilowatts (50 totu). Finally, to obtain the max- 
imum heat-rejection load Oit the tOwer, the in- 
cinerator was operated ^ with oil used as fuel 
(waste incineration not operational) — in conjunc- 
tion with the engine at 225 kilowatts and the chiller 
providing 175.8 kilowatts (50 tons) of air-condition- 
ing. With only the engine operating, all the steam 
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generated was condensed in die excess-steam con- 
denser. With the addition of the air-conditioning 
load, part of this steam was used to drive the ab- 
sorption chiller and the remainder was condensed. 
With the inclusion of the incinerator, all additional 
steam generated was condensed and the heat of 
condensation transferred to the cooling-water loop. 
Heat-transfer data were collected on the oil after- 
cooler interchanger and the excess-steam con- 
denser during operation in the ebullient-cooling 
mode. For convenience, the jacket-water in- 
terchanger was tested during the series V| forced- 
circulatton-cooling configuration. 

The test was run over several days under varying 
ambient conditions, and no attempt was made lo 
control the cooling-water temperature. The cooling- 
tower blowdown was accomplished as required dui - 
ing the interim between set points, but no atiempi 
was made to process the blowdown water by using 
the facilities of the water management subsystem 
This test series did not include the measurement oi 
noise emitted from the tower dr the determination 
of its drift characteristics. 

The ancillary exchanger tests in the series Vi 
category were run in two phases because of the 
necessity of placing the engine in both the forced- 
circulation and ebullient-cooling modes. In the 
forced-circulation mode, the rejected jacket-water 
heat was measured first through the auxiliary 
facility heat exchanger and then through the jacket- 
water interchanger. All other ancillary exchangers 
of series VI tests were checked during the phase II 
ebullient cooling. Figures 18, 19, and 20 are 
schematic representations of the jacket-water loop, 
the oil coolant loop, and the steam loop, respec- 
tively, showing the location of those exchangers in- 
cluded in this series. 

The auxiliary facility heat exchanger and the 
jacket-water interchanger were tested separately 
when the en^ne was cooled in the foreed-cireula- 
tion. mode. First, the engine jacket-waier- 
temperatiire controller, SV-827, was set at a tem- 
perature of 377.59 K (220° F) to ensure a complete 
bypass of the jacket-water interchanger; thus, the 
auxiliary facility heat exchanger was left free for in- 
dependent testing. The heating-load simulator was 
set at maximum load, and the facility heat ex- 
changer was taken out of the space-heating loop by 
closing steam valve SO-56. When the jacket-water 
interchanger was tested, SV-827 was set to a tem- 
perature of 355.37 K ( 180° F) to ensure that all heat 


transfer and control was performed by this ex- 
changer. The auxiliary facility heat exchanger was 
taken out of the engine-cooling loop by stopping 
flow in the space-heating loop. Cooling-water flow 
through the jacket-water interchanger was main- 
tained at 0.9 mVmin (225 gal/min), and engine 
loads were varied from 25 to 225 kilowatts for both 
exchanger tests (flg. 18). 

The en^ne cooling was then placed in the 
ebullient mode, and the cooling tower was operated 
at 1.7 mVmin (450 gal/min), as depicted in figure 
19. The WMS heat-transfer loop was configured to 
bypass die biolo^cal-disk unit, the Met-Pro unit,^ 
and the reverse-osmosis (RO) unit and thereby 
isolate the WMS heater and supporting WMS ex- 
changers for tesdng. The WMS flow was set at the 
upper limit (approximately 0.15 x 10~^ m^/min (4 
gal/min)), temperature controller was set at 377.59 
K (220° F), and the electrical loads were varied 
from 50 to 225 kilowatts. 

During the second sequence, in which the fresh- 
water preheater was tested, the WMS flow was 
stopped, the freshwater preheater bypass valve 
SO-35 was closed, and the position of valve SO-809 
was adjusted to ensure full flow through the 
preheater. Measurem^ts of heat transfer were 
made at engine load settings from 50 to 225 kilo- 
watts, with a nominal freshwater flow of 0.01 
mVmin (2.77 gal/min). 

For the third segment of the test, temperature 
controller valves SV-809 and SV-810 were set at 
327.59 K. (130^ F) so as to bypass the preheater. At 
the same time, the heating-load simulator was 
brought on-line, the hot thermal storage tank was 
placed in the bypass mode, and valve SO-35 was 
opened. The engine load and freshwater flow were 
stabilized at 175 kilowatts and 0.01 mVmin (2.77 
gal/min), respectively. In this configuration, the 
facility heat exchanger was tested through a range 
of 29.3 to 146.4 kilowatts (100 000 to 500 000 
Btu/hr), at 29.3-kilowait (100 000 Btu/hr) incre- 
ments, and the heat-transfer characteristics of the 
freshwater heater were examined (figs. 19 and 29). 

Lastly, the water sterilization heat exchanger 
was tested by reducing the inlet steam pressure 
from 103 x 10* pascals (15 psig) to 48 x 10* pascal 
(7 psig) at 14 X I0*-pascal (2 psig) increments, to 
determine the effect on the sterilization capability. 

Dard 7ecardlei/.~The continuous acquisition and 
recording of test data was accomplished primarily 


by using the DEXTIR data system. The instrumen- 
tation considered mandatory for HACS series test- 
ing is listed in table VI. This list includes both 
operational and engineering instruments and is 
categorized by type and equipment association. In 
some instances, the same instrument reading was 
used for an outlet point on one component and an 
inlet point for another. When instrumentation was 
not adequate or available, manual measurements 
were made (e.g„ steam condensate, weight and tem- 
perature, atmospheric wet- and dry-bulb tem- 
perature, cooling-tower makeup, etc.). For 
measurements that were critical to the control of 
the test, data were manually recorded from the 
visual display control panel and used as the prime 
data source during the test. These data included 
such items as the load simulator temperature 
differences; the engine power load, voltage, and 
power factor; the chiller inlet and outlet chilled- 
water temperatures; the cooling-tower outlet tem- 
peratures; the thermal storage tank inlet, outlet, and 
internal temperatures; etc. 

Test results . — The results of the -six major test 
series associated with the HACS are presented in 
the following subsections. 

Series I — absorption chiller: Figure 21(a) 
depicts the amount of steam consumed by the ab- 
sorption chiller for three different condenser water 
temperature settings (cooling-tower temperature) 
over a full range of load conditions. An analysis of 
the resulting test data indicates that chiller perfor- 
mance was less efficient than catalog data predi- 
cated. At low loads (below 35.2 kilowatts (10 
tons)), the chiller operation was erratic and became 
unstable below 42 x 10* pascal (6 psig) inlet steam 
pressure. Complete shutdown of the equipment oc- 
curred at 21 X 10* pascals (3 psig). 

The steam usage rate for the rated conditions as 
determined from test data is higher than that from 
the manufacturer's data. Some difference can be ex- 
pected because steam usage was measured during 
system operation and was based on manual 
measurements of chiller condensate weight and 
temperature that were generated during the test. 

Outlet chilled-water temperature as a function of 
unit capacity is shown in figure 21(b). The 
manufacturer's rating point at 280.37 K (45“ F) 
chilled water and 302.59 K (85° F) condensing 
water is 92.1 kilowatts (314 400 Btu/hr {26.2 tons)). 
The test capacity for the same set of conditions 


■*A phyacal-chemtcal wastewater treatment unit manuractured by the Mel-Pro Company. 
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equals 79.1 kilowatts (270 000 Btu/hr (22.5 tons))or 
is lower by 14 percent. 

The power consumption of the absorption 
chiller was considered minimal. The catalog data in- 
dicate that approximately 0.25 kilowatt is used for 
control and solenoid operation; thus, no attempt 
was made to measure this value. The supporting 
power requirements are plotted in figure 21 (c). The 
power for item 5 10 A represents the energy required 
to pump 0.9 m^/min (225 gal/m in) of cooling water 
through the HACS. A second pump (item SlOB) 
supplied 0.9 mVihin (225 gal/min) of cooling water 
to the «}gine<ooling loop and therefore is not 
represented. The cooling-tower fan was operated 
continuously, but only one-half of the power con- 
sumed was considered to be for HACS heat rejec- 
tion. The sum total resulted in 20 kilowatts being re- 
quired to run the subsystem for absorption chiller 
testing. Therefore, the average subsystem coeffi- 
cient of performance — considering the total 
energy used for an 87.9-kilowatl (25 ton) output 
and each of die condenser water settings — is equal 
to 0.55. 

The coefficient of performance for the absorp- 
tion chiller (fig. 21(d) ) reached a maximum of 0.65 
at a rated capacity of 92.1 kilowatts (314 400 BtU/hr 
(26,2 tons}). However, for maximum loading con- 
ditions obtained during the test of 98.1 kilowatts 
(27.9 tons) , with the use of 299.82-K (80“ F) con- 
densing water, the COP of the chiller reached 0.69. 

Series II — compression chiller: Figures 22(a) 
and 22(b) present the average chilled-water tem- 
perature resulting from each loading condition for 
the 284.26 K (S2“ F) and 285.93 K (55“ F) return- 
chilled-water sensor setting, respectively. When the 
chilled-water sensor was set at 284.26 K (52° F) , the 
chiller produced chilled water at a temperature of 
approximately 280.37 K (45° F) when operating at 
Its rated load of 82.6 kilowatts (282 000 
Btu/hr (23.5 tons)). The results were the same for 
each condenser water setting; i.e., 299.82, 302,59, 
and 305.37 K (80°, 85°, and 90° F). At other loads, 
the operation remained relatively stable but the 
chiller produced chilled water at temperatures with- 
in a range of 279.26 to 282i04 K (43° to 48° F) . Some 
erratic behavior was noted during the 305,37 tK (90° 
F) condensor water setting at low loads. When the 
sensor was reset at 285.93 K (55° F) , the chiller pro- 
dnCi^ chilli water having a fenge of 

temperatures and functioned less predictably. The 
coldest water was produced within the 52.8- to 70.3- 
kilowatt (IS to 20 ton) range, and the chiller 


became more stable operationally after the load ex- 
ceeded 70.3 kilowatts (20 tons). The lowest tem- 
perature reached was 282.59 K (49° F) (with 302.59 
K (85° F) cooling water used), and the highest was 
285.37 K (54° F) (with 305.37 K (90° F) cooling 
water used). 

The total subsystem power consumption for 
varying toads is shown in figure 22 (c). The total 
auxiliary power measured during the test was constant 
throughout the test at 21.44 kilowatts when the 
284.26-K (52° F) .sensor setting was used and was 
20.86 kilowatts for the 285.93-K (55° F) setting The 
curves include usage of both auxiliary and chiller 
power and represent the operational trends of the 
compression chiller within the HACS. It can be 
seen that a definite increase in power is required lo 
meet cooling loads at a return-chilled-water-sensor 
setting of 285.93 K (55° F), compared with a setting 
of 284.26 K (52° F). Results showing the electrical 
power used per unit of refrigeration power for each 
cooling load setting are contained in table VII, Here 
again, an increase in die quantity of electrical power 
per unit of refrigeration power is required to drive 
the chiller when the 285.93-K (S5°F) sensor setting 
is used instead of the 284.26-K (52°F) setting. A 
typical trace of chiller amperage taken from a con- 
tinuous-recording ammeter is depicted in figure 23. 
The cycling shown is characteristic of chiller opera- 
tion when the load is set at a point at which the 
compressor cylinders are operating intermittemiy. 
At die higher toads, for which all cylinders are 
functioning, the trace becomes a continuous 
straight line. This result explains the more stable 
operation noted previously at a load of approx- 
imately 70.3 kilowatts (20 tons). 

The maximum coefficient of performance of the 
chiller was reached during use of the 284.26-K (52° 
F) set point, with 299.82-K (80° F) condensing 
water used at an 87.9-kilowatt (25 ton) load. The 
COP at this point was 4.28. The erratic behavior of 
the chiller at the 285.93-K (55° F) set point resulted 
in high COP values at low loads. The more stable 
data taken at high loads resulted in a COP of 3.80, 
with 299.82-K (80* F) condensing water used at 
87.9 kilowatts (25 tons). The average subsystem 
COP ~ with consideration given to the auxiliary 
power and the compression chiller power required 
to meet an 87.9-kilowatt (25 ton) cooling load is 
2.00. The cop’s for all conditions are shown in 
figure 22(d), 

Series III — combined chillers: The power con- 
sumption for the combined operaUon of the absorp- 


tion and compression chillers is shown in figure 
24 (a). The results indicate that there is a definite 
power advantage in setting the compression chiller 
operational sensor downstream of the chilled-water 
outlets to sense combined chilled water supply in- 
stead of sensing return-chilled water from the cool- 
ing load. The auxiliary power for pumps and 
motors during subsystem operation was measured 
at 38 kilowatts. All power used in excess of this 
value was required to operate the compression 
chiller. During maximum loading on the cooling 
system (i.e., 175.8 kilowatts (50 tons)), the power 
requirements for the compression chiller exceeded 
22 kilowatts. Operational trends of the compression 
chiller are indicated by the change in slope of the 
curves and the abrupt changes in power required. 
The smoothest operation was noted during the 
299.82-K (80° F) condenser water setting. The 
greatest savings in power were experienced when 
the cooling load exceeded 123.1 kilowatts/ 35 tons). 
Cycling of the compression chiller was not as fre- 
quent as that noted during the series II test The 
compressors operated in a more continuous mode 
when the sensor was placed downstream of the 
combined chilled-water outlets. The frequency of 
in-rush cycling current was reduced, and a more 
constant en^ne load was the result. 

The coefficient of performance for combined 
operation is depicted in figure 24(b). An interesting 
point to be made here is that the COP is lower when 
the combined chilled-water supply is sensed even 
though there is a reduction in power consumed. 
This reduction in power results in an increase in 
steam energy required by the absorption chiller. 
Therefore, the increased use of the absorption 
chiller having a much lower COP results in an over- 
all decrease in the combined COP. The maximum 
COP for the return-chilled-water setting was 1.06 
with 299,82 tK (80° F) condenser water used. The 
maximum COP for the combined-cbilled-water- 
supply setting was 1.02. 

The average subsystem COP for combined- 
chiller operation ^ considering all energy used to 
meet the maximum load of 175.8 kilowatts (50 
tons) — was 0.81 when the return-chilled-water 
sensor was used and was 0.83 when the sensor was 
moved downstream. 

Series IV — thermal storage tests; Significant 
differences in charge and discharge rates as a func- 


tion of fluid flow were noted during the running of 
the cold thermal storage test. The configuration and 
instrumentation locations are shown in figure 15. 
The actual test data taken during the fulUHow (0.2 
mVmin (60 gai/min)) discharge/charge test are 
plotted in figure 25(a), These plots typify the trends 
obtained for the other flow rates — three-fourth 
and one-half flow (not shown). It can be seen that 
definite thermal stratification* was maintained 
within the cold-storage tank during the discharge 
cycle. The trace of thermal sensor TP-33 shows an 
upsurge in temperature between 9 and 10 p.m. Ap- 
proximately 2 hours later, sensor TP-15 indicated 
that the stratification layer had reached the bottom 
of the tank. At this flow rate, to discharge the lank 
from 279.82 to 285.93 K (44° to 55° F) required ap- 
proximately 4 hours. When the flow rate was 
reduced to 0.17 mVmin (45 gal/min, almost 7 hours 
were required for discharge; when it was set at 0.11 
mVmin (30 gal/min); discharge was complete after 
10 hours. The plots of the thermal charge cycles did 
not reveal similar surges of temperature that would 
indicate thermal layering. Test data did show that 2, 
4, and 5 hours were required to^charge the tank 
from 285.93 K (55° F) to 279,82 K (44° F) for full, 
three-fourths, and one-half flow, respectively. Ta- 
ble VIII is a tabulation of the discharge and charge 
rates based on these data. 

The heat gained during the 24-hour soak test 
resulted in elevation of the tank temperature from 
278.98 to 280.37 K (42.5° to 45° F). The storage 
capacity of the cold-storage tank was reduced by 
57.4 megajoutes (54 459 British thermal units). The 
heat-gain factor (HGF) is defined as the rate at 
which thermal energy is gained into the tank per 
unit temperature difference between the storage 
medium and the average ambient air. Using 280.37 
K (45° F) as the average charge temperature and 
302.59-K (85° F) ambient air, the HGF equals 29.9 
W/K (56,7 Btu/(hr • ° F)). 

The maximum ideal stor^e capacity of the 9.8- 
cubic-meter (2600 gallon) cold thermal tank is 293.8 
megttJoules (282 495 British thermal units). This 
capacity exists when the tank is considered charged 
at 278.71 K (42° F) and discharged at 285.93 K (55° 
F). The specific capacity then becomes 30.3 MJ/rn^ 
(108.7 Btu/gal) or 0.030 MJ/kg 03.026 Btu/lb) of 
fluid. The effective storage capacity, on the basis of 
actual test data from all three flow rates and jn con- 


%her>nal stratincation is a demarcation or separation layer between a higher temperature fluid and a colder fluid. 


sideration of the heat gained during a 24>hour 
period 'm an average value of 191.6 megajoules 
{181 749 British thermal units). 

The performance coefficient (PC) for thermal 
storage is the ratio of the performance of a thermal 
energy storage system to the theoretical perfor- 
mance of an ideal water tank containing a specific 
mass of water and having perfect stratification and 
zero heat loss or heat gain. The average value of the 
PC for this test was 0.88. 

The space-heating loop shown in figure 16 con- 
tains the hot thermal storage tank and the instru- 
mentation used in this test. The hot thermal storage 
test results for full flow are presented in figure 25 
(b). The profiles are indicative of the results ob- 
tained for the three-fourths and one-half flow rates. 
No differences were noted in charge or discharge 
rates as the setting of control valve SV-801 was 
manually adjusted from full flow through half flow. 
There was no indication of a thermal layer within 
the tank during any of the flow rates tested. At the 
end of the test series, an additional temperature 
probe (TP-44) was added to the outlet of the tank. 
During a short rferun, it was found that the TP-28 
tank and TP-44 temperatures matched closely and 
showed no indication of thermal stratification. The 
significant break in plots TP-27, TP-18/34, and 
TP-30 at approximately 6:30 p.m, resulted when the 
thermal storage tank could no longer maintain the 
355.37-K. (180“ F) supply and the system tem- 
perature thus began to drop. Normally, when the 
TP-28 temperature reached 349,82 K (170® F), the 
tank no longer be used and would be considered dis- 
charged. 

During the 24^hour soak test for the hot tank, the 
temperature was reduced from 384,82 K (233® F) to 
381.87 K (227.7® F) because of heat loss, The 
storage capacity was reduced by 122.6 megajoules 
(116 296 British thermal units). The heat-loss factor 
(HLF) is defined similarly to the heat-gain factor in 
its relation to the ambient air and the resulting rate 
of heat loss. Using an average charge temperature 
of 383.15 K (230® F) and 302.S9-K (85® F) ambient 
air, the HLF equals 17,6 W/K (33.4 Btu/(hr . “ F)) . 

The maximum ideal storage capacity of the 9.8- 
cubic-meter (2600 gallon) hot thermal storage tank 
is 1378.1 megajouies (1 307 027 British thermal 
units). Ideal conditions exist when the maximum 
charge temperature of 383.15 K (230® F) is reached 
and a minimum discharge temperature of 349.82 K 
(170® F) is not exceeded. The effective storage 
capacity, in consideration of the heatdoss factor, 
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had an average value of 1398.8 megajoules 
(1 326 699 British thermal units). This value is 
slightly higher than the ideal capacity because the 
actual charge temperature reached 388.71 K (240° 
F). The average performance coefficient for hot 
thermal storage equaled 0.92. 

Series V — heat rejection/heat transfer: The data 
obtained during this test indicates that the amount 
of heat rejected by the cooling tower during specific 
loading conditions was less than anticipated, i' igure 
26(a) is a plot of cooling-tower heat rejection as a 
function of the load on the engine, the air-condi- 
tioning chillers, and the incinerator. The values are 
calculated on the basis of the cooling-water flow 
rate and the tower inlet- and outlet-temperature 
differences recorded during the test. Figure 26(b) 
shows the engine manufacturer’s catalog data for 
available recoverable heat during operation in the 
ebullient-cooling mode. From a comparison of the 
two curves, it can be seen that a marked difference 
exists between the test results and the manufac- 
turer’s data. An examination of engine stack-gas 
temperatures indicated that the diesel exhaust tem- 
perature was running excessively high. In turn, the 
outlet from the heatrecovery unit w?s exceeding 
the design conditon of 422.04 K (300® F) (approx- 
imately 533.15 to 588.71 K. (500° to 600® F)). This 
situation resulted in reduced steam production and 
explains the reduced heat transfer into the cooling- 
tower loop. 

Figure 26(c) shows the actual quantity of heat 
transferred from the engine to the cooling loop 
through the oil after cooler interchanger and the 
excess-steam condenser. The total quantity of heat 
rejected is the sum of the heat quantities rejected by 
both exchangers. The “engine only’’ curve in figure 
26(a) and the total-heat-rejection curve in figure 
26(c) followed the same trend very closely until the 
engine load reached 180 kilowatts. The test run on 
the exchangers indicates that the heat quantity 
transferred dropped off sharply after this load was 
reached. Following completion of this test, the 
engine was overhauled and the engine heat-recov- 
ery unit was cleaned to improve its heat-transfer 
capabilities. The cooling-tower test and the ex- 
changer tests were not rerun, but the engine tests 
were; and reference data can be obtained from the 
section entitled “Power Generation Subsystem” for 
comparative analysis. The maintenance and rework 
of the engine and the recovery unit did improve the 
quantity of heat generated and recovered. 

Figures 26(d) and 26(e) represent the ambient 






conditions and the cooiing-tower makeup ex- 
perienced during the test. No measurement was 
made of the win^peed during the test, but the loca- 
tion of the tower would tend to minimize drift. 
Figure 26(0 is presented to show the calculated 
values of cooling-tower ‘^range," expressed in units 
of temperature. The range is a measure of the heat- 
rejection rate compared to the water circulation 
rate. For this particular cooling tower operating 
under the MIST conditions, the calculated range 
values agree well with catalog data. 

The analysis of heat transferred through the oil 
aftercooler interchanger indicates a considerable 
difference between actual operating characteristics 
and those outlined in the procurement specifica- 
tions. The oil-aftefcooler-interchanger specification 
requires 0.3 mVmin (80 gal/min) of fluid flow on 
the shell side, but test data failed to show a 
measurable flow rate. Upon checking the design 
specification, it was learned that this exchanger was 
selected for a fail-safe condition to protect the 
engine from damage. It is only under a failure con- 
dition that the full flow rate would be experienced. 
To determine the effectiveness of this exchanger, 
therefore, it was necessary to calculate the flow 
through the shell side on the basis of the measured 
heat transfer on the tube side. Table IX (a) is a 
tabulation of the thermal effectiveness. 

A similar condition exists for the jacket-water in- 
terchanger. Whereas the performance specification 
indicates a jacket-water flow of 0.6 mVmin (160 
gal/min) through the shell side, the actual operating 
flow was so low that the flowmeter could not 
register a value. Here again, the specification relates 
to a fail-safe desi^ condition rather than to opera- 
tional parameters. The jacket-water interchanger 
was designed to accept full flow only if a system 
failure occurred. Table IX (b) is a tabulation of the 
results calculated by using the heat-transfer data 
taken on the tube side ~ obtained when the engine 
was run in the forced-circulation mode during 
series VI testing. 

ft can be shown that the excess-steam condenser 
actually extracts more than the latent heat of 
vaporization from the steam. Figure 26(g) is a plot 
of condensate temperature as a function of en^ne 
load. Temperatures as low as 308.15 K (95* F) oc- 
curred during low engine load; the maximum tem- 
perature was 333,15 K (140“ F). Review of the 
excess steam-condenser specification shows the 
tube^side flow rate to be 454 x I0~’ m^/miri (225 
gal/min). By operating with the latter flow rate, the 


exchanger is essentially oversized and would ex- 
tract the additional heat noted. The main disadvan- 
tage to this situation is that this energy must be 
replaced in the saturated liquid returning to the 
engine before steam can be produced. Table IX (c) 
represents data for the thermal effectiveness of this 
exchanger. Specifieaiion data necessary for an 
effectiveness comparison were not available. The 
exchanger was designed to transfer 351 kilowatts 
(1 200 000 Btu/hr). 

Series VI — ancillary heat exchangers: The 
calculated results from the series VI tests are pre- 
sented in table X(a) to X(h). The heat-transfer 
characteristics and the thermal effectiveness of the 
auxiliary facility heat exchanger, the facility heat 
exchanger, the WMS heater, and the regenerative 
sewage heater are considered acceptable. The data 
from the freshwater preheater, the freshwater 
heater, the sterilization regenerative heat ex- 
changer, and the water sterilization heat exchanger 
indicate that neither the quantity of heat trans- 
ferred nor the thermal effectiveness reached expec- 
tations vnd thus are subject to further study. In the 
freshwater heater test, the facility heat exchanger 
was operational and supplied heat to both the 
space-heating load and the freshwater heater. The 
flow through the latter was dependeni upon that 
modulated flow rate to the facility heat exchanger 
to satisfy the space-heating load. !n addition, the 
steam pressure was 62 x 10^ pascals (9 psig) instead 
of the 103 X 10^ pascals (15 psig) normally sup- 
plied. As a result of these deviations from the 
design conditions, the quantity of heat transferred 
was considerably less than anticipated. Although 
results from the freshwater preheater indicated 
reduced heat transfer and thermal effectiveness, 
the temperature of the outlet freshwater was be- 
tween 325.93 and 327.04 K (127“ and 129“ F) and is 
considered adequate to meet preheat requirements. 
The slight reduction in freshwater flow rate enabled 
the temperature to approach the specification. 
Failure to record the steam condensate during the 
water sterilization heat exchanger test prohibited 
the calculation of its thermal effectiveness. The 
heat-transfer rate, however, exceeded that required 
by design specifications; therefore, its effectiveness 
should be acceptable. The temperature of the 
sewage water reached 389.26 K (241“ F) when 
steam at a pressure of 103 x 10^ pascals (15 psig) was 
available and 374.82 1C (215“ F) when 48 x 10^- 
pascai (7 psig) steam was used. It is obvious that a 
temperature adequate to sterilize the process fluid 
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was reached. The flow rate on both the tube and 
shell sides of the sterilization r^enerative heat ex- 
changer was below design specification; therefore, 
the expected amount of heat transfer was not 
reached. Temperatures of outlet fluids were ade- 
quate, however, to sustain the sterilization. 

Conclusions and recommendations.— On the basis 
of the results presented in the preceding section, 
the following conclusions from the HACS tests 
have been reached. 

1. Although performance of the absorption and 
compression chillers does not coincide with the 
manufacturer's predictions, it is adequate to meet 
design requirements for cooling loads under sepa- 
rate or combined operation. 

2. Some reduction in power requirements can be 
realized by adjusting and properly locating the 
operational sensor on the compression chiller dur- 
ing joint chiller operation. 

3. Further study is required to determine the full 
scope of thermal stratification within the thermal 
storage tanks. It is recommended that a thermocou- 
ple tree be developed and used within the tanks to 
gather data for a threeHlimensional analysis of the 
fluid during operation. 

4. The quantity of heat transferred from the 
heat-recovery unit into the cooling loop is depen- 
dent upon the maintenance of the HRV. Tubes 
should be cleaned periodically to remove hydrocar- 
bon buildup. 

5. The excess-steam condenser is operating as 
an oversized exchanger because of excessive cool- 
ing-water flow. It is recommended that a bypass ar- 
rangement be installed to reduce flow to its design 
requirements. 

6. The exchangers associated with the WMS 
should be reevaluated with the design flow rates, 
^me reduction in heat transfer was noted, but an 
increase could be achieved by testing at design con- 
ditions. 

7. The cooling-tower heat rejection was adequ- 
ate to handle the maximum load placed On it. Its 
operational parameters were well within manufac- 
turer specifications. 

Wastewater Management Subsystem 

All ueatment processes, from primary settling to 
complete tertiary treatment, have problems associ- 
ated with them. In addition, small treatinent 


systems are always costly when compared to large, 
regional systems. The performance of MlUS^type 
systems, therefore, was to be evaluated with 
specific knowledge gained about Operational 
characteristics, problems, and costs. 

The integrated-systems concept also means in- 
terdependence of operational labor within the 
system. Manpower required to operate the 
wastewaiei system in an integrated utility complex, 
therefore, is less than that required by the same-size 
individually operated plant. Specific knowledge of 
operational and maintenance manpower require- 
ments is required for effective MIUS evaluation. 

Integration of closely coupled utility functions 
creates problems that are not encountered by in- 
dividual utility functions. Failures of equipment in 
one utility more seriously affect or obstruct opera- 
tion in a different utility function within the MlUS 
concept when compared to conventiontd, separate 
systems. The type, the magnitude, and the frequen- 
cy of failures and their interutility effects must be 
investigated to evaluate the MIUS concept. 

In summation, the purpose of this initial test 
program was as follows. 

1. To identify process treatment effectiveness. 

2. To obtain specific information on manpower 
requirements for process operation in a manpower- 
sharing integrated utility. 

3. To identify the type, the magnitude, and the 
frequency of problems related to closely coupled 
utility systems. 

Specific test objectives.— d large number of possi- 
ble treatment processes were considered for testing. 
Some processes were combined into the two basic 
test series discussed in this report; namely, inde- 
pendent physical-chemical treatment and biologi- 
cal-physical-chemieal treatment. 

The objective of the tests was to identify the 
basic proems advantages and disadvantages and 
thereby to define the best potential treatment pro- 
cesses that could be integrated into a wastewater 
treatment system. After this objective was ac- 
complishedi by using the purposes outlined in the 
previous Section as the evaluation criteria, a further 
detailed test program could be defined. 

Subsystem description.— The initial MIST 
wastewater treatment system (figs. 27 to 29) con- 
sisted of an inclined-screen-separator primary 
stage, a temperature-conttollinig heat exchanger, a 
fourrstage rotating^disk aerobic biological contact 
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unit with clarifier, a submei^ed four-stage rotating- 
disk anaerobic denitrifying unit, an alum-coagulant 
upflow chemical clarifier, an expanded-bed upflow 
^anular-carbon contact column, a chlorine contact 
basin, and a multimedia filter. 

Because of problems in obtaining raw 
wastewater of domestic quality at the NASA Lyn- 
don B. Johnson ^ace Center (JSC), a day tank of 
approximately 26.5 cubic meters (7000 gallons) 
capacity was filled during the early afternoon 
hours, when the sewage was strongest. The day 
tank was aerated to prevent the sewage from 
becoming septic. Flow through the system was con 
staht. and the overall wastewater subsystem simul- 
ated a potential MI US system with an aerated flow 
equalization basin. Flow splitting and level con- 
trollers were used to adjust the hydraulic capacity 
of subsequent treatment processes. The associated 
plumbing was designed to accommodate the adjust- 
ment in the flow schemes to bypass specific compo- 
nents within the overall system to achieve the level 
of treatment desired in each particular test. 

Process qpcrarion.T— The various elements of the 
WMS and the method of matching the different 
flow rates, and flow paths are described. 

Day tank; Sewage to be treated was pumped 
from a 7.9-meter (26 foot) deep manhole on the 
JSC main sewer line to a 26.5-cubic-meter (7000 
gallon) covered day tank that was fitted with aera- 
tive piping and aerated with a minimum of 10 to 15 
milligrams of oxygen per liter of air per hour from 
facility air lines. The raw sewage was screened to 
remove solids with a diameter larger than 1.3 cen- 
timeters (0.5 inch) by a coarse screen that was 
periodically backflushed to die sewer. The tank was 
filled at a rate of approximately 1.1 mVtnin (300 
gaVmin). At times, the tank was filled twice a day; 
but, in general, once a day was required. The filling 
process took place between 12:30 p^m. and 3 p.m. to 
obtain the strongest possible sewage. 

Inclined<«creen separator; Water was pumped, as 
required, at approximately 0^03 m /min (8 gal/min) 
from the day tank over the 22.9-eentiraeter (9 inch) 
wide inclined screen with a 0.640 screen size. Sludge 
from the scfeen was conveyed to the combined 
sludge tank, and the screened wastewater entered a 
level-controlled holding tank. 

Molding-tank distribution: Wastewater from the 
holding tank could be directed to flow through or 
bypass the heat exchanger to either the rotating- 
disk processes Or directly to the chemical clarifier. 
Heat exchanger; The heat exchanger, a tube-in- 


tube unit, was designed to achieve a maximum tem- 
perature rise of 22.22 K (40“ F) in incoming sewage 
at a temperature of 288.71 K (60° F) with a flow of 
0.02 mVmin (5 gal/min). 

Rotating-biological-disk process; The rotating- 
disk process is a type of secondary wastewater treat- 
ment process and consists of four groups of large- 
diameter plastic disks mounted on a horizontal 
shaft. The contoured-bottom tank is partitioned 
into four stages, each with its own disk group. The 
disks are rotated slowly, with approximately 40 per- 
cent submerged in the wastewater. The biomass on 
the disks is very filamentous and provides a large 
active-biologicaUsurface area, larger than the sur- 
face area of the disks. The biomass achieves a 
buildup of approximately 0.318 centimeter (0.125 
inch) and is maintained at that level by the shearing 
forces created when the rotating disk passes 
through the mixed liquor. The rotation also creates 
a mixing action that keeps the solids in suspension 
as they pass through the various stages. This unit 
operates with separate, nearly homogeneous 
cultures on each disk; i.e., nitrifiers on one disk and 
carbonaceous bacteria operating on a diff^ent disk. 
Other biological systems provide only a 
heterogeneous environment. The initial stages, 
which receive the highest organic loading, develop 
cultures of filamentous and nonfilamentous bac- 
teria and fungi for organic decomposition. As the 
concentration of organic water decreases, nitrifying 
bacteria appear, together with higher concentra- 
tions of rotifers, protozoans, and other predators. 
Because the biomass is continuously being sloughed 
and replaced by new growth, sludge recycling is un- 
necessary; hence, the system is simplified and 
operator attendance is reduced to a minimum. 

Denitrifying process: In this test program, a 
rotating-disk system similar to the one just de- 
scribed was used for dentrification. The system is 
modified so that the entire disk assembly is sub- 
merged in the wastewater and thus an anaerobic 
condition is created. The dentrification step in this 
system had to be preceded by biological-oxygen- 
demand (BOD) removal and nitrification in the 
rotating-disk process previously de^ribed. A car- 
bon source — in this case, methanol — was added 
to the influent flow of the denitrifier. This food 
source is required for development of the denitrify- 
ing bacteria on the media. To achieve ahigh level of 
nitrogen removal, a high degree of a mm onia con- 
version to nitrate in the aerobic disk system is re- 


feed/backwash pump. The latter pump normally 
drives the water through the pressure filter, which 
removes any residual solids from the waste stream 
left after the preceding treatment steps. This pump, 
in conjunction with proper valving, also serves to 
backflush the accumulated solids from the filter 
bed during the backwashing operation. 

6. After passage through the pressure filter, the 
water moves through a flow control valve to drain 
as final effluent or to the RO unit if applicable. 

Test description . — Six different test series were to 
be investigated in this phase of the MIST Program; 
however, because of certain limitations, modifica- 
tions and deletions had to be made (table XI). 

independent physical-chemical testingr A 
schematic of the P-C system used is shown in figure 
27. in the following description of flow throng the 
system, the numbers in parentheses represent com- 
ponents designated in figure 27. 


quired, as well as the nitrate conversion to nitrogen 
gas. 

Physical-chemical treatmeni system,~An addition 
to the screening and biological processes described, 
a packaged physical-chemical (P-C) system was in- 
stalled in the overall system. The unit was used 
both as an independent P-C system without the use 
of the biological processes and as a tertiary system 
for polishing the effluent from the biological pro- 
cesses. The P-C process steps are as follows. 

1. The untreated wastewater is pumped from 
the holding tank or the denitrifier, as applicable, to 
the flash-mix tank by a constant-rate influent 
pump. Coagulant chemical is added to the incoming 
wastewater in the flashrmix tank by a manually 
variable positive-displacement feed pump. 

2. A motor-driven mixer mounted on the flash- 
mix tank provides agitation to fully contact the 
chemical and Wastewater streams. Both the 
coagulant feed pump arid the mixer are turned off 
and on with the input pump. 

3. From the flash-mix tank, the chemically 
treated Wi^tewater flows by gravity to the 
dovmcomer section of the clarifier. Here, the 
chemically treated wastewater is ^itated gently by 
a series of flat circular disks that give the stream a 
downward rotation motion. The rotating sueam is 
directed against a series of baffles located at fite bot- 
tom of the downcomer that stop the rotation of the 
water and redirect it into an upward, linear path. 
The flat disks are driven by an electric motor 
through a variable-speed drive and a gear reducer 
that are mounted on top of the clarifier, 

4. Sludge is withdrawn from the bottom of the 
clarifier by means of p.,.,ll-ve-displacement pump. 
This pump is controlle^i by a photoelectric instru- 
ment mounted above the clarifier water surface. 
This instrument detects the level of sludge in the 

larifier and starts: and stops the sludge pump accor- 
dingly. The withdrawn sludge is pumped to the 
drain. From the clarifier, the water passes upward 
through a carbon column to which a continuous 
supply of air is added by a small compressor: 

.5. From the carbon column, the water then 
flows by gravity to a surge tank that acts as a hold- 
ing reservoir for me pre^ure filter. Level-control 
probes in this tank operate the filter-feed/backwash 
pump. Disinfectant chemical, when applicable, is 
added to this tank by a manually variable positive- 
displacemeht fe^ pump. The disinfectant-chemi- 
cal pump is turned off and on with the filter- 


1. Raw wastewater is drawn into an aerated tank 
(1). Because of the dilute characteristics of the JSC 
wastewater, the water was selected during a limited 
time period, between 12:30 and 4:30 p.m. each day. 
The characteristics of toe raw wastewater are 
shown in columns 2 and 3 of table XII. 

2. Wastewater is screened dirough a Bauer hy- 
drosieve for primary solids separation (2). 

3. Primary treated water is delayed in a stirred 
holding tank. 

4. Wastewater is taken from the holding tank to 
the P-C plant coagulant flash mixer, through two 
heat exchangers that control inlet temperature to 
±0.56 K (±1.0° F) from ambient to 302.59 and 
310 93 K (85° tod 100° F) (5 and 6). 

5. Wastewater is delayed approximately 2 hours 
in an upflow flocculator clarifier*, here, a heavy 
sludge blanket of aluminum hydroxide is 
produced (8). 

6. Clarified effluent is passed through an. aerated 
upflow Carbon column (9). 

7. Water is delayed in a chlorine contact basin 
for l5 minutes (10). 

8. The final treatment step of the process is 
filtration through a multimedia filter (11). 

9. Water is then sent back through the regenera- 
tive heat exchanger to reduce the temperature for 
discharge (5). 

10. Water is stot to the surge tank and then dis- 
charged (12), 




Reverse<-osmosis testing: Figure 28 is a 
schematic diagram of the RO test setup. In the RO 
test series, the P-C system was used first to pretest 
the wastewater. The P-C outlet water then was pro- 
cessed in the RO unit as follows. (Numbers in 
parentheses represent components designated in 
fig. 28.) 

1. Refiltered through the RO sand filter (16) 

2. Acidified to proper hydrogen-ion concentra- 
tion (pH) to protect the RO membrane (15) 

3. Forced through the RO separation module 
(14) 

4. Dispensed 

a. Purified component: sampled and sent to 

drain 

b. RO underflow component: returned to 
holding tank (4) 

Biplogical-tertiary testing: Figure 29 shows the 
entire WMS flow schematic. The flow pattern for 
the biological-tertiary test series is as follows. 
(Parenthetic numbers represent components desig- 
nated in fig. 29.) 

1 . Water is treated as in the P-C system, through 
the temperature-conditioning stage; flow rate 0.019 
mVmin (5 gal/min). 

2. Wastewater is contacted in four stages by the 
rotating biological disks (18). 

3. Wastewater is settled for 2 hours (19). 

4. Flow from the settler is split, with 0.0019 to 
0.0057 mVmin (0.5 to 1.5 gal/min) flow through the 
denitrifier (20). 

5. Flow is combined at the P-C system rapid- 
mix imit and proceeds through the P-C unit as pre- 
viously described. 

Biological overloading: The biological overload 
test setup was identical to that for the biological- 
tertiary tests, Sludge was added to the w^tewater 
supply tank to increase bod, chemical oxygen d& 
mand (COD), and suspended solids to approx- 
imately two and three times the normal concentra- 
tion. 

Biological-system poisoning; Again, the test 
setup for biological-system poisoning was the same 
as the biological-tertiary pattern. Alum was added 
in increasing amounts until the biomass was no 
longer viable enough to properly process the incom- 
ing wastewater. 

Data mcor</et/,--rWater samples were taken at 


numerous points in the system as required for the 
different test series. These locations are indicated in 
figure 29. The points investigated and the analysis 
performed can be readily identified on each data 
sheet. Temperatures and flows were routinely 
recorded. 

test results .— MIST WMS test results in- 
clude graphs of several critical parameters showing 
daily variations in input and output and tables sum- 
marizing the overaii results of the analyses per- 
formed on each test series. Several visual observa- 
tions are also included. 

Independent physical-chemical testing: Table 
XII shows the averaged results for the different 
parameters investigated during the P-C test series. 
In general, it can be seen that little difference in the 
removal efficiency of the system was found when 
the temperature was increased from 302.59 to 
310.93 K (85“ to 100“ F) . There is an apparent in- 
crease in ammonia removal at the higher tem- 
perature, but further investigation would be re- 
quired to verify that conclusion. Operational 
difficulties with maintaining a proper sludge 
blanket in the clarifier were encountered at the 
higher temperature. Sludge-blanket upset appears to 
be caused by small changes in inlet water tem- 
perature. This conclusion also should be investig- 
ated further. In general, the P-C unit produced very 
good removal efficiencies with the exception of the 
ammonia. 

Reverse-osmosis testing: After the wastewater 
was passed through the P-C system, a further 
reduction in pollutants was achieved by means of 
the RO unit. The resultant effluent is of extremely 
high quality and could be used for boiler purposes 
in the MIST system. The results of the RO tests are 
summarized in table XIII. 

Biological-tertiary testing; Extreme cyclic in- 
fluent parameters were troublesome throughout the 
program. Figures 30 and 31 are examples of the 
variation in BOD anid in ammonia, respectively, 
during a portion of the test program. The effective- 
ness of the rotating biological disks and of the P-C 
system as a tertiary process sequence is also shown 
for the ammonia and BOD measured during this 
period. Strongest raw wastewaters were consis- 
tently found at midweek,. with weak waste at the 
beginning and the end of the week. Data were not 
recorded during the weekend. Table XIV shows the 
results of this test series in relation to temperature 
effects. Operation at the controlled temperatures of 
302.59 and 310.93 K (85“ and 100“ F) revealed no 
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specific temperature eflect. Later, the wastewater 
temperature was allowed to fall to approximately 
294 K (70° F) but was not controlled. Even with 
this lower temperature, no significant change in the 
biological portion or in the tertiary portion can be 
seen. Biomass growth on the disk, however, is 
much greater at warm temperatures. High-quality 
treatment was reliably achieved during the entire 
test period even though the influent water content 
continued to fluctuate widely. 

Biological overloading; Creation of an overload 
condition was attempted by adding primary sludge 
from a nearby treatment plant to produce two and 
three times the norihal concentration of several 
contaminants: BOD, COD, suspended solids, and 
turbidity. The results were not optimum (table 
XV). Only in COD, suspended solids, and turbidity 
were there significant changes in the influent con- 
centration and then not the twofold and threefold 
changes anticipated. However, the significant result 
was the capability of the rotating-disk system to ab- 
sorb changes of this magnitude. The tertiary system 
was not retpiired to smooth out the operational 
surges. 

Biological-system poisoning: Alum was added to 
the first stage of the rotating disk in an attempt to 
reduce the phosphates in the biological system, as 
well as to remove suspended solids and BOD more 
effectively. The addition of 100 mg^iter Of alum 
produced a good removal of phosphate but no 
change in suspended solids or BOD removal. The 
alum dosage was increased in steps to approx- 
imately 500 mg/liter with no change in conditions. 
At that point, the ammonia conversion to nitrate 
ceased. Although no other immediate changes oc- 
curred visually or chemically in the rotating disk, a 
biological kill obviously had occurred. Subse- 
quently, m^or sloughing of the biomass was ob- 
served. 

Conclusions and recomtnendations.~^Gn the basis 
of WMS testing results, the following conclusions 
have been reached. 

1. Physical-chemicid testing 

a. Alum as a single coagulant is excellen t 

b. The Met-Pro flocculation blanket is stable 
under water temperature conthfions. 

c. Redesign of die P-C unit can save power. 

d. Activated carbon is not necessary in all 
cases with an MIUS. 


e. The P-C system produces excellent water 
and has reasonably low manpower requirements if 
it is well automated. 

2. Biological testing 

a. The Bio-Surf^ is stable under difficuli 
water conditions. 

b. Better clarification is required to reduce 
suspended solids. 

c. Denitriflers less expensive than the one 
used are available; however, the performance of 
denitriflers is excellent. 

d. The Bio-Surf is an economical wastewater 
treatment system with low power and maintenance 
requirements. 

3. General 

a. Analysis delays produce significant prob- 
lems in test operation. 

b. Detailed coliform tests are required. 

c. Chemical analysis of ammonia conversion 
is the most rapid measure of biological toxicity. 

d. The RO process has limited use in an 

MIUS. 

e. System design should enable removal of 
water at various points in the treatment process for 
use when high levels of water purity are not re- 
quired. 

Solid Waste Management Subsystem 

The solid waste management subsystem 
(SWMS) consists of an incinerator, with its loader 
equipment, that burns solid waste. The thermal 
energy produced is exhausted out the stack through 
the heat-recovery unit to produce steam. Figures 32 
and 33 are schematic diagrans of the overall solid 
waste system and the heat-recovery unit, respec- 
tively. 

The incinerator was designed to burn at a rate of 
31.8 kg/hr (70 Ib/hr). The thermal energy produced 
would be recovered with a design efficiency of 60 
perc^t. Supplementary fuel is supplied for startup 
mid to maintain the primary and secondary cham- 
bers at desired temperatures. 

Test objectives . — Three specific tests were plan- 
ned. 

1. Series I, boiler mode test 

2. Series II, refuse charge-rate test. 

3. Series III; sludge charging-rate tests. 


biplosicd sewage treatment unit manufactured by the Aulotrol Coiporation. 


Control and Monitoring Subsystem 


The first test was designed to determine heat- 
recovery efficiency when only fuel oil was burned. 
The second test was to provide incinerator perfor- 
mance data at various rehise charge rates. The third 
test was not performed. 

Test The boiler mode test (series 1) 

was operated using a variable afterburner tem- 
perature controller set point ranging from 977.59 to 
1144.26 K (1300° to 1600° F). Although 1310.93 K 
(1900° F) was the maximum test temperature plan- 
ned, it was not possible to reach a temperature 
much in excess of 1144,26 K (1600° P). 

The refuse charge-rate test (series II) was per- 
formed with charging rates ranging from 30- to 10- 
minute cycles. 

test results . — During the boiler mode tests, fuel 
consumption varied from 0.016 to 0.019 m^/hr (4.2 
to 4.9 gal/hr) for afterburner temperatures in the 
range of 977.59 to 1144.26 K (1300° to 1600° F). 
During these same tests, the feed-water flow varied 
from 0*057 to 0.114 m*/hr (IS to 30 gai/hr). These 
values indicate heat-recovery efficiencies from 23 
to 40 percent. 

Results of the solid-waste charge-rate test dem- 
onstrated the capability of the incinerator to reduce 
refuse volume. Ten 0.2-cubic-meter (55 gallon) 
drums of grade 2 shredded waste (666 J kUpgrams 
(1469 pounds)) were loaded into the incineratbr 
during the 11 hours of operation. One 0.2rcubic- 
meter (55 gallon) drum of ash (137 kilograms (302 
pounds) ) was cleaned out after test completion and 
represented a weight reduction of 79 percent. 
However, energy recovery was small and slagging 
problems occurred in the primary chamber. 

Conclusions and recommendations.— fl^e incinera- 
tor performance in reducing the volume of solid 
waste was excellent, the slagging probl^s that oc- 
curred can be eliminated by chargmg no ihore than 
136.1 kilograma (300 pounds) of solid waste be- 
tween ash cleanout periods, 

The time required to bring the incinerator up to 
operating conditions was excessive, more than 2 
hours, the proposal fp correct the problem is to 
shut down the main blower until solid waste is ac- 
tually being burned, because the blower introduces 
a large yplume of ambient ajr into the primly 
chamber and heat from combustion must heat this 
ah, as well as the chamter. 

Another problem encountered was the exiting of 
smoke and flames through the charging door when 
the charge sequence was activated. 


The purpose of the oripnally installed control 
and monitoring equipment for the MIST was, 
specifically, to maintain the operational status of 
the subsystems and to record data for detailed 
analysis after the subsystem tests had been run. 
Hence, there were no tests associated with evaluat- 
ing the control and monitoring equipment. 
However, before each test, the control and monitor- 
ing equipment was checked out to determine its in- 
tegrity at that time. 

Subsystem </cscrip//on.~The MIST control and 
monitoring equipment provided the majority of in- 
formation pertinent to most subsystem tests, The 
operational equipment displaying pressures, tem- 
peratures, electrical parameters, and pump and 
motor status information had to be functioning 
properly before commitment to the subsystems 
test. The following tests at the displays and controls 
were conducted before each subsystem test. 

1. Operational display 

a. Temperatures -~ The operational tem- 
peratures were displayed on a multipoint digital 
readout device. This unit served as the primary in- 
dicator for 48 critical subsystem temperatures. The 
operation of the unit and of the thermocouples as- 
sociated with it was verified before each test A 
multipen strip-chart recorder was also set up to 
monitor critical cooling- and heating-water tem- 
peratures. The signals for this recorder were pro- 
vided by redundant temperature probes. 

b. Pr^sures -— Individual pressure meters 
were located in the control room. These meters 
were driven directly by the sensors in the sub- 
system lines. Only tiie most critical pressures were 
displayed; and because of their criticalness, they 
were checked before each test. 

c. Motor, pump, and valve status informa- 
tion — Operating lights that indicated the mode of 
operation of pumps, niotors, and valves were used 
to establish the apprt^riate configuration of the 
subsystem before and during its test. A lighting test 
verified operation of the indicators. 

2. Controls — The subsystem controls for the 
MIST were primarily manu^ valve adjustments at 
the valves and manual control of the pump and 
motor operation by the use of remote switches. 
There were, however, nine automatic controllers 
that had to be verified as operational if they were to 


be used in the particular test phase. One of these 
controllers was electronic, and the set point was ad* 
justed in the control room. The other controllers 
were pneumatic; two of them were located in the 
control room, and the remaining six were located in 
the equipmeht area, tlie set-point adjustment for 
these controllers had U) be checked out before tests 
involving these control loops were conducted. 

With the data-recording equipment, all instru- 
mented parameters were converted to chgital sig- 
nals and recorded on magnetic tape for posttest pro- 
cessiitg. The tape-^recorded data served as the 
historical record for a detailed analysis by test 
engineers. The equipment that recorded the data 
was called the DEXTIR and was manufactured by 
Beckinan Instruments. The data were recorded in 
digital counts representative of the conditioned sig- 
nals with a range of —10 to -HO millivolts. A stan- 
dard reference signal of S miltivolts was included in 
seven different channels as a check on the 
multiplexing and analog-to-digital conversion 
equipment. The output of the DEXTIR was 
checked by printing a paper tape of the data or by 
Calling up any measurement inthvidually on the 
dij^tal data readout Since the DEXtlR output was 
in counts repr^entaUve of the conditioned signals, 
the operator had to use appropriate tables to con- 
vert the DEXTIR output to the engineeriiig-unit 
value anticipated. 

An example of the DEXTIR paper-tape printout 
(fig. 34), an engineering-unit conversion table (ta- 
ble XVI), and a copy of the processed data from the 
DEXTIR magnetic-tape output (table XVID are in- 
cluded- 

Test results.— Sevetai noteworthy observations 
were made. It Should be pointed but, however^ that 
although the actual impact of sitCh ah operation was 
ori^nally unknown, it was well understood that the 
MI$T operation could not be optimum with the 
mtUiuai cdntruls ahd the techniques for recordti^ 
and processing test data that Were implemented. In 
that respject, there were numerous delays in test 
starts, retesting was necessary, and undue com- 
promises were made tb avoid such tetestihg or 
(lelays in starting. Thi^e problems were caused by 
failuies that went unhoticed until the recorded data 
were processed by the off-line computer; and, as a 
result, precaUtitMiiS were taken to avoid such tectir- 
rences. The measures taken to alleviate the brobtem 


of testing while bad data were being recorded are 
summarized as follows. 

1. The standard reference calibration signal of 5 
millivolts in the seven channels was checked before 
and periodically throughout the test. 

2. The magnetic tape was dumped tmmediaiely 
after a test procedure was shut down or completed. 
This dump veriFied the integrity of the taped data 
and enabled the operator to ascertain whether the 
data could be processed. If there were problems 
with the recorded data, it was necessary to adjust 
the data acquisition system (DEXTIR) and rerun 
the test. 

3. If no major discrepancies in the recorded data 
were found, the next phase of the testing was initi- 
ated. The recorded data were sent to the NASA 
data-processing center, where a hard-copy tabula- 
tion and a microfilm of the tabulation were pro- 
due^ Copies of the processed data were produced 
and made available through the NASA microfilm 
reproduction center. 

4. The printouts of data were then distributed to 
those individuals or contractors primarily con- 
cerned with the test — generally, the following reci- 
pients. 

a. The Urban Systems Project Office 
(USPO) subsystem engineer 

b. The simulation program development 
contractor (Lockheed Electronics Company) 

c. The MIST development contractor (HSD 
of the United Technologies Corporation) 

d. The test support contractor (Northrop 
Services, Inc.) 

A microfilm copy Of the tabulated data was then 
filed in the USPO. Additions^ hard copies can be 
produced upon specific request 

Cmelusions.—A monitoring and control system 
that provides display of only the “critical” 
paratneters in real time is not sufficiently con^ 
ducive to a successful testing program. Sensors not 
“critical” to operations ti.e., safe operations etc.:) 
are sometimes very valuable in the analysis. If such 
a seizor has failed and the fidlute is not realized un- 
til the recorded data have been processed, the test is 
less thmt a success. Hence, evaluation testing of 
future subsystems should be accomplished with a 
mohitorihg and control system that provides real- 
time status of all measured values. 


PiMM III (lnt«gritad Syttems) Testa 

The MIST integrated tests were conducted in 
tWQ series^ The series I tests were performed to 
demonstrate the capability of the various sub- 
systems to function as an int^rated unit at discrete 
set points. In the series II tests, the unit was oper- 
ated to meet the demands of a 24^hour varying 
profile. 


Series I Testing 

Steady-state tests were conducted in the series I 
profpam to establish the capability of the PGS, the 
HACS, and the WMS to function in an integrated 
mode under a variety of conditions. Because of the 
experimental nature of the WMS, these tests were 
conducted independently from the remainder of 
the intes^ated tests. Specifically, the spac^heating 
tests were conducted primarily to evaluate thermal 
storage use with a variety of heating-rload condi- 
tions and steam energy production rates. The space* 
cooling tests were designed to establish the floating- 
^til^ characteriSdcs of the air-conditioning chillers 
and the thermal storage usage at selected loads and 
thereby enable the system performance and control 
characteristics to be studied. 

The test data collected, pr^ented Subsequently 
under "Series I Test Results,” were intended to pro^ 
Vide a confldence level before the more complex, 
dynamic seribs II tests were conducted. Because the 
series I tests were intended as a confidence and 
multipoint operation demonstration, no attempt 
was made to draw any major design conclusions 
hrom these data; This information does, however, 
serve as acros&oheck at discrete points to the data 
obtained in the series II tests. 

Test coiiftgunaion and tfcwripr/on.— To ensure the 
most effective thermal integration of recovered 
waste heat into the MIST system, the engine was 
configured in the ebullient-copling mode, the in- 
cinerator was made operational, and the heating 
and cooling loops utilized the energy to meet the 
loads and/or charge the thermal storage units. The 
engine and incinerator heatrrecoyery rates (i.e,, the 
total enthalpy difference through the heat-reCovery 
units) were determined through measurement of 


the generated system pressure and the quantity and 
temperature of the makeup water to the units. The 
makeup-water measurements were necessary 
because collected condensate representing the 
steam usage was not returned to the holding tank 
for reuse. Althoogh the actual quality of the steam 
generated was not a factor in the analysis of series I 
test results, the steam was assumed to have a 2-per- 
cent moisture content. 

The incinerator was operated with only fuel oil 
as an energy source, and the connguration was such 
that the generated steam was integrated directly 
into the waste-heat-recovery manifold. Fuel-oil 
usage was recorded, and steam generation was 
determined by measuring the makeup-water re- 
quir^ent to the incinerator boiler. 

The space-heating tests were conducted first 
with the engine operating independently, and sec- 
ondly with the incinerator and the engine operating 
simuilaneously. The tests were conducted by main- 
taining a fixed engine load and a fixed heating load 
until the thermal storage tank was configured in 
either the charge or the discharge mode to compen- 
sate for the difference between the waste thermal 
energy produced and the heating-load require- 
ments. The tank was fully charged before the start 
of the test if the discharge configuration was re- 
quired during the test. The energy usage within the 
heating loop was determined by the steam-conden- 
sate quantity and temperature measured at the out- 
let of the facility heat exchanger when the thermal 
storage tank was in the charge mode. When the 
thermal storage tank was in the discharge mode, the 
total heat usage was found by measuring the heat 
drain in the tank aud the heat transfer through the 
facility heat exchanger. The hot thermal storage 
tank was considered charged when the fluid tem- 
perature reached 3'83.lS K (230” F); the discharge 
point was considered to be 349.8? K (170® F). 

The space-cooling tests were configured so that 
the absorption and compression chillers could oper- 
ate independently or in conjunction with others on 
the basis of cooling-load conditions and the 
availability of steam to drive the absorption chiller. 
As in the space-heating test, only the engine was 
operated for some load conditions, whereas both 
the engine and the incinerator were functioning for 
other conditions. The floating split between the ab- 
sorption chiller and the compr^ion chiller for 


%he floaiing4plitmade orchiUer pj)et$tion requires that all the ayaitabfe steam be utilized by the absorption chiller, with any re- 
maining cooling load being carried by the ooniphission chiller. 
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each electrical- and cooling-load combination was 
determined by measuring the percent of cooling 
loac' carried by the absorption chiller. Steam con- 
sumption was measured at the condensate outlet of 
the chiller, and load percentage was determined by 
measuring the change in temperature of the chilled 
water undergoing constant How through the chiller. 
The split ratio resulted from the difference in total 
cooling load and the percent of absorption chiller 
load. 

The cold thermal storage tank was placed in both 
the charge and the discharge mode to test ite 
capability to store or provide heat energy within the 
cooling loop. The tank was considered charged 
when the internal fluid temperature reached 280.37 
K (45° F) and was completely discharged at 285 
K. (55° F). For those tests requiring discharge, the 
tank was fully charged before the start of the test. 
Finally, it should be noted that no attempt was 
made to configure the en^ne in the forced-circuta- 
tion-cooling mode or tO run the dry-heat-rejection 
test as described in the MIST Test Requirements 
Document dated May 1974. Data from these tests 
were not considered critical to the series II testing. 

Series J test Results of the integrated- 

systems series 1 tests are presented in the following 
subsections. 

System heat-recovery tests: Table XVIII sum- 
marizes the test data for heat recovery from the 
engine at the selected engine settiiuss. htcluded is 
the specific high-grade heat recovered from the ex- 
haust gas and the jacket water, as well as the 
specific low^rade heat recovered from the engine 
oil cooler/aftercooler coolant. 

For each power load, the heat-recovery results 
were time averaged to normalize the test data. The 
time-avefaged heat-recovery rate was determined 
by the following relationship. 

Time-averted heat-recovery rate - 

T|HRt + T2HR2t...T„HR^ 

where 

T ^ duration of test, hours 
HR = heat-recovery rat4 Rritfsh thermal units 
per hour . 

h denotes test number 


The total engine heat rejected through the 
lubrication oil and recovered from the exhaust gas 
and the jacket water is plotted as a function of 
engine load in figure 35(a). The low-pade heat 
from the lubrication oil as a function of engine load 
is shown in figure 35(b). The total MIST system 
high-grade heat recovered from the engine and the 
incinerator is depicted in figure 35(c). The opera- 
tional characteristics of the incinerator changed 
during the running of series I tests, as evidenced by 
its performance curve. The efficiency dropped 
from an average of 66 percent during the 41- 
kilowatt engine setting down to an average low of 
41 percent during the 107-kilowatt setting. Opera- 
tion became stable during the 122-kilowatt-engine- 
load run. A significant difference was noted be- 
tween the amount of heat recovered during the sub- 
system tests and at the start of the series 1 tests. The 
time-averaged operating efficiency of the incinera- 
tor was determined to be 55 percent. A complete 
tabulation of the heat-rejection/heat-recovery infor- 
mation for each engine load is offered as part of the 
space-heating test results in table XIX. 

Space-healing tests: The results shown in table 
XIX represent a comparison of heating load, engine 
toad, incinerator status, and thermal storage status. 
If a comparison is made of the quantities of high- 
grade heat utilized,^ a difference will be noted. This 
difference is a result of the test technique used in 
measuring steam condensate. All condensate was 
measured and dumped instead of being returned to 
the condensate loop. Makeup requirements were 
met by using lower temperature facility water. The 
difference noted previously is equivalent to the 
energy required to raise the condensate from its 
makeup temperature to the norma] saturation tem- 
perature of condensate. Therefore, with a closed- 
loop configuration in which condensate was being 
returned to the heat-recovery unit, the actual heat 
available for consumption or utilization would be 
equal to the high-^ade-heat recovery rate. This ta- 
ble aids in assessing the Interactions and effects of 
changing the heatiiig loa^, the thermal storage 
status, and the incinerator status while the engine 
parameters are held constant A typical therimal 
storage charge/discharge temperature profile is 
offered, for reference purposes only, in figure 
35(d). This chart was obtained from actual com- 
puter plots of internal tank fluctuations in the heat- 
ing-lqad-simulator operation. 


^keooveried heai utilized is defined as thesum ofheat Id ioadind thermal charge or the difference between heat to tobd iand ihermal 
jfisdMfge, :; , r;- -Vv:, , 




Figure 35(e) represents hot thermal storage 
charge and dischtuge rates as a function of steam 
heat available for averaged values of space-heating 
loads used in the series 1 tests, This chart can be 
used to determine the quantity of thermal energy 
that can be stored or the quantity that must be dis- 
charged to meet a specific space-heating load, with a 
specific amount of steam heat available. To arrive 
at the amount of steam heat available, the opera- 
tional status of the incinerator and the electrical 
load on the engine must be determined. By using 
the SS-percent efficiency value for the incinerator 
and the total heat content of the fuel used, the 
recovered waste heat can be calcidated. By using ta- 
ble XVin and extrapolating for the exact kilowatt 
load, the engine-recovered steam heat can be deter- 
mined. The sum of these two values represents the 
total steam heat available. The intersection of the 
space-heating load and the steam-heat quantity 
determines the charge Or discharge rate resulting 
from these conditions. This procedure can be 
followed for each hour of a 24^hour profile to esti- 
mate the total daily chaige/discharge profile and 
waste-heat utilization. 

Space-cooling tests; Table XX contains the 
restdts of the space-cooling tests and indicates the 
floating'^plit ratio of the absorption/compression 
chiller for each Imtd condition. In an effort to vali- 
date test results for better correlation to theoretical 
system performance, the following assumptions 
were made. 

1. Test data for absorption chiller loads of less 
than 3S.2 kilowatts (10 tons) were considered 
unreliable because the unite under test were not 
designed to operate at less than SO percent of their 
87.9-kUowatt (25 ton) rated capacity, according to 
the manufacturer, 

2. TestdSta that resulted in an absorption chiller 
COP greater than 0.7 were questionable, and this 
value was used instead because it is the maximum 
value obtained in subsystem testing, 

Because condensate measufements similar to 
those for the space-heating tests were made for this 
segment of tests, soine increase in steam 
availability could be expected in a ctosed-loop con- 
figuration, This increase would result in a stightiy 
higher percent of absorption chiller operation for 
£di settings. Although data reliability at low ioad set- 
:: tings, (less than of rated capacity) is 

questibhabley the data eiiable estimation of the 


floating split resulting from a specific space-cooling 
load condition and electrical-load proflle. 

Figure 35(0 is a graphical presentation of the 
calculated floating-split ratios plotted against 
theoretical performance for 70.3, 105.5, and 140.7 
kilowatts (20, 30, and 40 tons). Figures 35(g) and 
35(h) are discussed in the section entitled “Series II 
Testing.” 

Series 11 Testing 

The series II integrated tests were conducted to 
demonstrate the MI US concept in meeting typical 
residential load profiles. Several key issues dis- 
cussed in the section entitled “Key MtUS Design 
Issues” were identified as the basis for the demon- 
stration. The series II testii^ consisted of a series of 
five 24-hour tests for simulating different seasonal 
load profiles and a separate test for domestic-hot- 
water heating. Table )bci shows, for each test, the 
simulated seasonal test conditions and whether 
thermal storage was used. 

Test configuration and procedures .— MIST 
configuration used for ail the series II testing was 
typical of that expected in an MIUS installation. 
The mqjor aspects of conflguration and opt'.rational 
procedures that are pertinent to test data uralysis 
are presented in this section. Any deviation i'or a 
particular test is discussed in the section relating to 
that test. 

Power generation subsystem: The ebullient-cool- 
ing mode was used throughout the series II testing. 
Ih this cooling mode, the heat recovered from the 
engine exhaust, the engine water jacket, and the in- 
cinerator is collected in a common steam header as 
saturated steam at a pressure of approximately 
103 X 10^ pascals (15 psig). Heat was recovered 
from tile engine oil/aftercooler at a temperature of 
approximately 330.37 K (135° F). En^ne loading 
was established by ad||usttng the load simulator 
each hour to follow the MIST electrical profile. 

Heating, ventilation, and air-conditioning sub- 
system; The configuration of the heating, yenUia- 
tion, and air-cpnditipning (HV AC) subsystem was 
varied from test to t^t on the basis of the require- 
ment for thermal storage, For each test profile r«- 
quiiing space cooling, ^e absorption and compres- 
sion chillers were operated in the floating-split 
mode used for series I testing. 
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The heating* and cooling-load simulators were 
used to establish the required loads on the HVAC 
subsystem by establishing a predetermined tem- 
perature difference of chilled water entering and 
leaving the simulator. 

Domestic-hot-water loads were satisfied from 
the hot thermal storage tank during all of the test 
profiles. The tank was charged before each test with 
enough heat to satisfy the requirements. A constant 
domestic-hot-water flow of 0,008 mVmin (2.21 
gal/min) was maintained throughout ^ch test 
profile for the freshwater preheater and freshwater 
heater heat exchangers. 

Solid waste management subsystem: Because of 
operational problems experienced during previous 
testing, the incinerator was operated without trash, 
with fuel oil used as the only heat source 
throughout the series II testing. The incinerator was 
operated at a constant rate during alt of the tests; 
the length of operation varied from test to test. 

Wastewater management subsystem: A constant 
flow rate of 0.023 mVmin (6 gal/min) was main- 
tained throughout all the series II testing through 
the WMS heater. 

General procedures: All the test profiles required 
hourly adjustments of the load values for a 24-hour 
period. Test data were r^orded continuously on 
magnetic tape and manually for several parameters 
at I-hour intervals. In addition, a printed copy of all 
the data recorded on magnetic tape was obtained 
hourly. 

Load cond/r/ons.— The load conditions used for 
the integrated tests were based on the results of the 
NASA “MIUS Community Study,” which estab- 
lished the power, heating, air-conditioning, and 
domestjc-water-heating profiles of figures 36, 37, 
38, and 39, respectively. In addition, the study 
defined incinerator burn times and heat-recovery 
rates. An analysis of these load conditions was per- 
formed to establish the MIST load conditions that 
are tihermally representative of the MIUS system 
loads. The MIST loads were determined by 
duplicating the MIUS waste-heat utilization for ab- 
sorption chilling (i.e., the floating split). This pro- 
cedure established the air-conditiOning-load profile 
and the power profile. The profiles for space heat- 
ing and for domestic-water heating were established 
by maintaining the same percent of the recovered 
waste heai for these functions as is required by the 
MIUS. 

Table XXII lists the eight selected engine set 
points used in the series I tests and also identifies 


the incinerator status from each run. At each test 
point, heating and cooling loads, as well as operat- 
ing modes, were varied. The number of tests lo be 
conducted as series I tests was minimized by deter- 
mining the peak heating, air-conditioning, and 
domestic-water-heating loads associated with 
hourly power loads. These load conditions were 
then reviewed to eliminate duplicate and/or similar 
load conditions. 

The series II test profiles were selected to best 
address the key issues identified in the section en- 
titled “Key MIUS Design Issues.” These profiles 
are presented in figures 40 to 43. Each test consisted 
of 24-hour profiles for heating and/or air-condition- 
ing loads and domestic electricai loads. The 
domestic-hot-water heating loads and the 
wastewater-treatment heal load were assumed to he 
independent of season and were held at a constant 
level throughout each test profile. The loads were 
scaled down from those for much larger facilities to 
be consistent with MIST equipment capacities. The 
resulting load profiles indicated that a relatively 
large auxiliary electrical load was required to ac- 
commodate the scaled-down MIST equipment, 
compared to that for an MIUS of much larger 
capacities. 

Heating of domestic Water may be accomplished 
in the MIUS concept in any of the following 
methods and their combinations. 

1. At a constant flow rate when a hot-water 
surge tank is used 

2. At the demand flow rate when a hoi-waier 
surge tank is not used 

3. With or without preheating the domestic 
water with the oil/a ftercooler heat 

4. By using high-grade waste heat directly or 
with the return water from the space-heating 
system 

To determine the effects of these options on the 
MIUS system, additional series II tests were con- 
ducted with domestic water flows of 0.006^ 0.009, 
0.011, and 0.017 mVin (1.S, 2.25, 3.0, and 4.5 
gal/min). Each of these flow conditions was tested 
with and without preheating and with engine loads 
of 75, 125, 175, and 215 kilowatts. The higher 
engine loads were selected to provide additional 
heat-recovery data. 

Series II test results . — The following comments 
concern the series II test data analysis in general 
and apply to all the individual tests. Any analyse 
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that were peculiar to a particular test are discussed 
in the section pertaining to that test. 

Cooling'tower test data were used to determine 
the incinerator heat-recovery rates. The amount of 
heat rejected attributable to the incinerator was 
taken as the Increase over the engine and chiller 
heat observed when the incinerator was in opera- 
tion. This heat-rejection rate was used as the heat- 
recovery rate for each hour of incinerator opera- 
tion. The incinerator fuel consumption rate was 
then estimated from the heat-recovery rate, with a 
60-percent efficiency assumed. 

The heat-recovery rates from the engine water 
jacket, exhaust heat exchanger, and oil 
cooler/aftercooler were also taken from the sub- 
systems test data. An average engine load was 
determined for each test profile. On the basis of this 
average load, the heat-recovery rates were deter- 
mined from the appropriate engine data. The 
average rates obtained were then used in calculating 
energy balances for each 24-hour profile for the 
series II testing. 

The amount of energy supplied to the space- 
heating-load simulator Was determined from series 
II test data. Supply and return water temperatures 
and flow rates for the load simulator were used. 
Each measurement was averaged for each test 
profde,and these values were then used to cidculate 
the total amount of heat transferred during the 24- 
hour period. 

The amount of heat supplied to the WMS healer, 
the freshwater preheater, and the freshwater heater 
was calculated by using averi^ed inlet and outlet 
water temperatures. The flow rates were preset at 
the beginning of the test period and were assumed 
to remain constant throughout the test profile. 

The quantity of electrical power delivered to the 
compression chiller was calculated from measured 
amperage values. By using the total ampere-hour 
value for the 24-hour profile and an average power 
factor of 0.9, the tot^ compression chiller power 
consumption for each test profile was determined. 
The energy consumption for the absorption chiller 
was determined by using data from a steam meter 
on the chiller and the difference between the inlet 
and outlet steam enthalpy. 

To es timate the COP for the chillers, the total 
amount of Cooling delivered was assumed to be the 
amount required by the test procedure. By using the 
assumed cooling load and a COP of 0.59 for the ab- 
sorption chiller, as estimated from subsystems test 
data, a COP of 3.0 for the compression chiller was 


determined. This value also agrees with subsystems 
test data, and these COP values were used in all 
chiller analyses. 

The amount of heat rejected by the excess-steam 
condenser was calculated by collecting the conden- 
sate from the condenser. The enthalpy difference 
between the excess steam and the condensate was 
determined from measured data. An adjustment 
was made to compensate for replacing the conden- 
sate in the system with coker makeup water. 

The system efficiency is defined as the summa- 
tion of all the electricity generated and the waste 
heat utilized divided by the total heat content of the 
fuel consumed by the system. The efficiency was 
calculated for each 24-hour test profile on the basis 
of the analyses performed for the major system 
components. 

The data for each series II test are presented in a 
performance summary table and an energy flow 
chart. The summary table shows the total services 
produced and the total fuel consumed for the 24- 
hour test profile. The energy flow chart shows the 
energy flow between major MIST components and 
the energy balance for the 24-hour test profile. 

Test IlA-1: In test IIA-1, a design-sumraer-day 
load profile was simulated and cold thermal storage 
was used. The performance summary and the 
energy flow chart are shown in table XXIII and 
figure 44, respectively. 

The quantity of high-grade heat was out of bal- 
ance by 864.57 megajoules (0.82 x lO** British ther- 
mal units) for the 24-hour period, or by approx- 
imately 7 percent of the high-grade heat recovered. 
This disagreement is due to assumptions used in 
the data analysis and to inaccuracy in the total test 
instrumentation. The assumption that delivered 
cooling is equivalent to the desired cooling load, the 
chiller COP assumptions, the incinerator-heat- 
recovery assumptions, and the engine-heat-recov- 
ery assumptions all have a direct impact on heat- 
balance calculations. When the potential for com- 
bined errors resulting from the data analysis 
assumptions and procedures and from expected 
measurement errors is considered, the 7-percent 
imbalance noted in the high-grade heat values is 
within reasonable limits. 

No measurement was made of the unused low- 
temperature heat that was recovered from the 
engine to enable a heat-balance calculation similar 
to that for the high-grade heat. 

Test IIA-2: In test HA-2, a design-summer-day 
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load profile similar to that for test IIA-1 was simul* 
ated, but no thermal storage capability was used in 
satisfying the loads other than for domestic-hot* 
water heating as previously described. The perfor- 
mance summary and the energy flow chart are 
shown in table XXIV and figure 45, respectively. 

The quantity of high-grade heat is out of balance 
by 1 58. IS megqioules (0.15 x 10^ British thermd 
units) for the 24-hour period, or by approximately 
13 percent of the recovered heat. The imbaiance is 
caused by a combination of measurement error and 
assumptions used in the data analysis procedure, as 
in t^t Il.A-l. The imbalance noted is well within ac- 
ceptable limits. No attempt was made to perform a 
similar energy-balance analysis on the low-tem- 
perature heat. 

A comparison of the test data from tests IlA-1 
and IlA-2 shows that thermal storage resulted in 
only insignincant changes in the system perfor- 
mance characteristics. The most significant benefits 
to be expected from the use of thermal storage are 
increased system efficiency through increased 
utilization of “free" heat by the absorption chiller 
tmd reduced peak electricid demand due to limiting 
compression chiller loads at times of high electrical 
load. Neither of these benefits is evident in the test 
data. The small differences noted in the two sets of 
data can be attributed primarily to nonrepeatability 
of the test profile and to measurement uncertain- 
ties. It should be noted, for example, that the 
difference between the high-grade-heat imbalance 
(7 percent for test IlA-1 compared to 13 percent for 
test 1IA-2) could result in a detectable difference in 
overall system efficiency. 

Test IIB-.1 : In test IIB-1, a design-winter-day load 
profile was simulated and thermal storage was used 
to satisfy the loads. The performance summary and 
the energy flow chart are shown in table XXV and 
figure 46, respectively. 

The energy fidw chart shows a net loss of 295.22 
m^a^oules (0.28 X 10^ British thermal units) from 
the heat contained in the storage tank for the 24- 
hour period. In consideration of this value, the 
quantity of high-gra^ heat is out of balance hy 
105.4 megajouies (0.1 x 10*^ British thermal units), 
or by approximately 1 percent of rite recovered 
heat. This imbalance is a result of the combination 
of measurement uncertainties and assumpUons 
used in the data analysis procedure and is well with- 
in acceptable limits. No attempt was made to per- 
form a similar energy-balance analysis on the low- 
temperature heat recovered. 
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Test IIB-2: In test IIB-2, a design-winter-day load 
profile similar to that for test IlB-1 was simulated 
but no thermal storage capability was used in meet- 
ing the loads. One other significant difference be- 
tween the two winter design test cases was that the 
incinerator was operated for 12 hours as an addi- 
tional heat source rather than for 6 hours as in the 
previous test profiles. The performance summary 
and the energy flow chart are shown in table XXV] 
and figure 47, respectively. 

The quantity of high-grade heat is out of balance 
by 1233.59 meg^oules (1.17 x 10* British thermal 
units) for the 24-hour period, or by approximately 
1 ! percent of the heat recovered. The imbalance i.s 
due to a combination of measurement uncertainties 
and assumptions used in the data analysis pro- 
cedure. The relatively high imbalance, as compared 
to that for the other series II tests, is due primarily 
to the assumption concerning incinerator heat 
recovery and the increased incinerator operating 
time. No attempt was made to perform a similar 
energy-balance analysis on the iow-temperaiure 
heat. 

A comparison of the data for tests HB-1 and 
riB-2 shows a system efficiency of approximately 
seven percentage points higher in the test with ther- 
mal storage over that without thermal storage. This 
large difference is due, in part, to the increased in- 
cinerator operation and consequently higher quan- 
tity of unused heat in the case without thermal 
storage. Had the incinerator been modulated to pro- 
vide only the heat required for the additional 6 
hours of operation, the thermal storage case would 
have shown an improvement of approximately 
three percentage points. As noted in the case of the 
two summer design t^t cases, the uncertainties in 
the imbalance of the two high-grade-heat quantities 
could very significantly alter the comparison be- 
tween the two winter design cases. 

Test IIC-1: Tii test IIC-l, an average load profile 
for a spring or fall day was simulated and thermal 
storage was used in satisfying the loads. The perfor- 
mance summary and the energy flow chart are 
shown in table XXVII and figure 48, respectively. 

A net gain of 843.5 megajouies (0.8 x 10* British 
thermal units) in the heat content of the thermal 
storage tank was noted over the 24^hour period. In 
consideration of this value, the quantity of high- 
grade heat is out of balance by 49S.S4 megajouies 
(0.47 X 10* British thermal units). The imbalance 






is caused by a combination of measurement uncer- 
tainties and the assumptions used in the data 
analysis procedure. 

It should be noted that, because the expected 
engine heat was sufficient to meet the loads, the in- 
cinerator was not operated. The only significant im- 
pact on the test data was in the area of plant efH- 
ciency. The 63-percent efficiency shown in table 
X'XVII, which is approximately the same as that for 
the design summer and winter days, would have 
been reduced to S3 percent if the incinerator had 
been operated for 6 hours. This reduction in plant 
efficiency is to be expected in an MIUS application 
during the periods of low HVAC loads because the 
potential for recovered-heat utilization is reduced. 

Test IID: Figure 49 indicates the amount of high- 
grade (steam) energy required to increase the tem- 
perature of domestic water from 308.15 to 338.71 K 
(95“ to 150“ F) when no preheating is done. If 
preheating is accomplished by using lubrication oil 
heat, the high-grade-energy savii^ are evidenced 
by the reduction in steam heat required. (See the 
preheat curve (fig. 49).) In figure 50, the required 
steam heat is plotted against the engine load for 
each of the flow rates tested. The results show that 
the amount of thermal energy provided by the low- 
grade heat is not significantly affected by the engine 
load. Figure 35(g) quantifies the amount of energy 
required to preheat domestic water. In the tests con- 
ducted, the low-grade heat provided 62 to 65 per- 
cent of the total energy needs for domestic water 
heating. 

Integrated-Systems Test Conclusions 

Overall results of the integrated-systems tests 
tend to affirm the objectives of the MIUS Program. 
Increased plant efficiencies, reduced prime energy 
input, and reduced emissions resulted when the 
various utility services were operated in a unified 
fashion. 

Series / tests.— The total quantity of heat rejected 
and recovered from the ebulliency cooled diesd- 
generator set is in good agreement with the 
manufacturer's data for the total quantity of high- 
grade heat available for rejection and recovery, as 
shown in figure 35(a). An examination of the quan- 
tity of low-grade heat rejected from the lubrication 
oil (fig, 35(b) ) and the quandty of steam heat made 
available from the heat-recovery unit (fig. 35(c)) in- 
dicates an equally good agreement with the 
manufacturer’s data on an individual basis. These 


data compare favorably with subsystem heat-rejec- 
tion results obtained during earlier tests. Consisten- 
cy of results between heating loads for a single 
engine-lead setting is evidenced from table XIX, 
where the deviation from the average quantity of 
heat rejected or recovered is less than 1 percent. 

Space-heating loads were amply met with energy 
from the engine and the incinerator or with a com- 
bination of steam heat and energy from the chaiged 
hot thermal storage tank. Int^ation of the in- 
cinerator waste heat into the system during low 
electrical loads (41 kilowatts), however, was not 
adequate to meet the high space-heating loads. Dis- 
charge of the hot thermal storage tank was required 
in addition to the incinerator heat when the heating 
loads approached 102.5 kilowatts (350 ODO Btu/hr). 

Reduction in operating efficiency of the in- 
cinerator was caused by tube fouling from exhaust 
gases. Frequent cleaning of the tubes appears to be 
mandatory to maintain reasonable efficiency. With 
this periodic cleaning, a 60-percent efficiency can 
be assumed. 

Although the space-cooling results compare 
favorably with theoretical results, some improve- 
ment could be expected in a closed-loop system in 
which condensate could be reused. Additional test- 
ing is required on the space-cooling loop to obtain 
the chiller operational set points for optimum float- 
ing-split characteristics. These tests would be 
followed by cold thermal storage performance and 
control tests. 

Series II Results of the series II tests dem- 

onstrated the operational feasibility of complete 
utilities integration into the MIUS concept for typi- 
cal residential loads. This demonstration was based 
on the issues described in the section entitled “Key 
MIUS Design Issues.” The key issues relating to 
thermal integration techniques, mixed-mode air- 
epnditioningi and int^ation of subsystem controls 
were resolved successfully in the series II testing. 
All the MIST subsystems were operated in an in- 
tegrated manner during dynamic simulations of a 
variety Of typical residential load profiles without 
significant problems. 

the thermal storage system design and pro- 
cedure used in the series II testing resulted in no ap- 
preciable benefits to support the theimal storage 
key design issue. The most significant benefits to be 
derived from the use of thermal Storage are in- 
creased plant efficiency through increased utiliza- 
tion of “free” recovered heat for cooling and heat- 
ing and the redaction of peak electrical demand 



through limiting compression chiller loads during 
periods of high electrical load. Neither of these 
benefits is clearly evident in the t^t data; however, 
significant benefits could be derived through in- 
creased system control capabilities and design 
changes to enable independent operation of the two 
chillers. 

Analyses of the test data were based on several 
basic assumptions rather than on measured test 
data. Examples include the procedure for determin- 
ing incineration and engine heat recovery, cooling 
delivered to the cooling-load simulator, and 
assumed flow rates in several heat exchangers. The 
results are reasonably consistent but could be made 
more meaningful and conclusive with better test 
data and controls. 

The test results confirm the technical validity of 
the Mills concept and provide the basis for con- 
tinued testing with the MIST as a utility system 
test-bed. 

Because domestic water heating requires a cons- 
tant amount of energy annually rather than 
seasonally, it is concluded that preheating of 
domestic water serves to improve the overall ther- 
mal efficiency of an MIUS system. Furthermore, 
the preheating provides a nearly fixed percentage of 
total water-heating needs regardless of waterflow 
rate and engine load. These conditions favor the use 
of a demand-flow domestic water system to elimi- 
nate the need for a hot-water surge tank. However, 
the final heating of the water would isquire a surge 
capability to prevent drastic changes to steam con- 
sumption with domestic-hot-water use. As part of 
the series II air-conditioning-profile tests, the hot 
thermal storage tank was used to provide this final 
heating of the domestic w^ter. The results of this 
test bre plotted in figure 33(h). During this 24-hour 
test, water at a constant flow of 0.009 mVmin (2.28 
gal/min) was heated from 294.26 to 338.71 K (70* to 
130* F) by using a preheater and the thermal 
stor^e tank. All steam produced during this test 
Was used for air-conditioning purposes and not for 
heating water. 

The results of the domestic-water-heating tests 
sijjptify that hot thermal storage tanks can be used 
to provide the thermal surge Capability and elimi- 
nate the need for a hot-water surge tank. This use of 
hqt diermal storage increases its effectiveness from 
seasonal heating applications to annual use. 

Disfilays and of the identified key 

issues, integration of controls and data display re- 
quirements, were not addressed by specific tasks. 


Rather, the evaluation and testing of the MIST pro- 
vided the experience in dealing with the various 
thermal, electrical, and water treatment loops that 
was necessary to associate the operating parameters 
in more easily recognized formats for ease of con- 
trol by the test personnel. In addition, the trade-offs 
between automation and manual control were a 
direct evolvemeni of the initial test program. 

Since completion of the integrated tests, imple- 
mentation of these identified needs has proceeded 
and a refined data system and a limited automation 
of control functions are now being installed. Plans 
have been made to rerun a selected set of profiles 
upon completion of this installation, to compare 
the two approaches. 


CONCLUDINQ REMARKS 


An analysis of the results of the tests describee 
herein leads to the conclusion that the technical 
goals of the MIUS Program are feasible; i.e., provi- 
sion of utility services can be achieved by integrated 
systems with a reduction of prime energy consump- 
tion and a reduction in environmental impact. In 
the area of economics, it can be concluded that an 
automated control system can operate the plant 
with a minimum manpower level. No other firm 
conclusions in the economic sphere can be drawn 
from the experience gained from this program. 

The demonstrated ability to simulate important 
system variables on a small scale and to thusly 
prove out design concepts at low cost was shown to 
have valid application to the urban sector. 

Lyndon B. Johnson Space Center 
National Aeronautics and Space Administration 
Houston, Texas, December 22, 1976 
386-O14XMI0-72 


Table /. — Engineering Data 


item 

Sensor mtmher 

Kocaiion 

Pressure 

P-l 

Fuel input (engine) 


P2 

Ambient air 


P-3 

Engine-exhaust stack 1 


P-4 

Engine-exhaust stack 2 


P-5 

Exhaust silencer heat-exchanger feed water 


P-12 

Oil interchanger water inlet 


P-16 

Cooling-tower inlet 


P-17 

Excess-steam-condenser cooling-tower water outlet 


P 18 

Condensate main-line inlet 


P-31 

Condenser water 


P-32 

Jacket-water heai-recovery inlet 

Temperature 

T-l 

Fuel 


T-2 

Ambient air 


T-3 

Engine inlet air 


T-4 

Engine-exhaust stack 1 


T-5 

Engine-exhaust stack 2 


T-7 

Exhaust silencer heai-exchtnger feed water 


T-26 

Oil imerchanger water inlet 


T-30 

Codling-tower water inlet 

Temperature 

T-31 

Excess-steam condensate outlet 


T-40 

Oil imerchanger oil-loop outlet 

Flow 

F-4 

Exhaust silencer heat-exchanger feed water 


F-18 

Cooling-tower water inlet 


F-22 

Excess:>steam-condenser condensate outlet (manual) 


F-28 

Oil/aftercooler imerchanger cooling-tower water inlet 


F-38 

Oil/aftercooier engine inlet 


F-39 

Engine-exhaust gas 


F40 

Oil imerchanger outlet 


Table I !.•— Operational Data 


item 

Sensor number 

Location 

Pressure 

PI-1 

Oil/aflercooier inlet 


P1.2 

Exhaust-silencing heal-rccovery backpressure 


PI-3 

Engine jacket-water inlet 


PI-5 

Cooling-tower water pomp outlet 


PI-6 

Steam pressure 

Temperature 

TP-t 

Oil/aftercopler outlet coolant 


TP-2 

Oil/affercooler inlet coolant 


TP-3 

Engine jacket-water outlet 


TP-5 

Exhaust-silencing steam 


TP-6 

Engine jacket-water inlet 


TP-IO 

Cooling-tower water pump outlet 

Temperature 

TM I 

Steam manifold 


TP-14 

Oil/aflercodler interchanger codling-tdwer water outlet 


TP-15 

Excess-steam-condehser cooUngrtower water outlet 
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Table Ul.-^Engine Heat Batance-^Foreed^ConveetionMode 
[ISO-kHowatt electrical load] 


Jackehwaier 

VnreL'O^ered 



Jacket- 

/ 

OiV cooter 

Exham 

Electric 

Heat 

JL 

Totaf 

Quanifty 

infet 

exham 

\!/ater 

aftercoofer 

heat recoxety. 

power 

input rate " 

Recomyr 

mraunh 

lempemiuie, 

KCFi 

kW{Bwdir} 

heat recovery, 
kW(BM}r) 

heatrejectionr 

kW(Bumr) 

kWmtuIltrt 

egulvaktit. 

kWfBltilhr) 

kW(Blulhr) 

percent 

abte, per- 
cent 

355.37 n«0*0) 

70.9(242 000) 

152.3 (520000) 

35.1 (120 000) 

35.7 (122000) 

149 7 ( 511 000) 

477.4 (1630000) 

78.2 

93,0 

377.59 (22bi0) 

64.1 (219000) 

112.5(384 000) 

42,2 (144000) 

360(1123000) 

149.7 (SI 1 000) 

477;4 (1630000) 

71.3 

85.0 


^Based on a 310.93^K {100^ F) amblem lemperaiure, 
^LHV • 37«>li6 MJ/nl ’{135 000 Bui/gan. 


Table ! V. -^Diesel Engine Noise Levels 


0 

> 


*1 


Electrical had, k W 

Moise fevci dB at - 

0.9m(.tji) 

7.0m(23H) 

IxJm(SOJi) 

Test data 

20 

104 

96 5 

92.0 

50 

106 

97 

91.0 

LOO 

105 

97 

90.5 

150 

104 

96.5 

890 

200 

105 

97.5 

89.5 

230 

105 

98.0 

90.5 

Etifimv manujocwtvt s data 


230 (mechanical noise) 

97:9 

85.9 

78,5 

230 (exhaust with straight stack) 

108.6 

95.1 

89.2 


i 







Table V.—JSC Ekvironmental Health Services Analysis Report 
[Diesel engine exhaust gas • 75 percent (173 kW) loading, MIST Project, building 32J] 


Pofluta/U 


Carbon monoxide^ p/m U 

Carbon dioxide, voL % 7 

Oxygen, voL% 10 

Nitrogen voL % * 81 

Water, vol % 3 

Unbumed hydrocarbons, p/m 

Methane, p/m 

Free carbon, p/m 

Oxides of nitrogen, f<g/m^ 1490 x 10 

Sulfur dioxide, 170 x 10 

Sulfur trioxide, 2.23 X 10 

Particulates, 43.0x10 


Cdricerttration | 

AveriOfi^ 

Deviation 

Feb. 24. 197S 

Mar. .1, /97J“ 

Mar. 12. IVTS 



147 

130 

145 

141 


7,5 

8,5 

7.5 

7.8 

0. 

10.7 

9.9 

lU 

10.6 

0, 

81.8 

81.6 

8U 

81,5 

0. 

3.7 

5.6 

6,6 

5.3 

1. 

7 

27 

28 

21 

1 

5 

11 

9 

8 


5 ' 

16 

19 

13 


1490 X 10"* 

1420X10"* 

962 X 10"' 

1291 X 10"* 

286 X 10" 

170X10"* 

184x10"* 

168 XlO"* 

174x10"* 

9x10' 

2.23X10 * 

2.93 X 10 * 

2,84 X 10 * 

2.67 X I0"‘ 

0.38 X to' 

43.0 X 10"* 

90,2 X 10"* 

58.8 X 10"* 

64.0 X 10"* 

24,0 X 10" 


“En^tie opcrallna a* 200 kW. 


Table VL--HACS Instrumentation List 


item 

Sensor nomvftctafun* 

l.mation 

Pressure 

PI-5 

Cooling-tower water pump omiei 


PW 

Steam ihanirold 

temperature 


General 


Slmg psychrometer 

Ambient wet and dry bulb 


TP-1 

Engine oil coolant outlet 


TP-2 

Engine oil coolant inlet 


TP-6 

Engine jacket-water inlet 


TP-10 

Cooling-tower water pump outlet 


TP-27 

Healing-load water supply (simulator) 


TP48/TP-34 

Heating-load water return (simulator) 


TP-35 

Cooling-load water supply (simulator) 


TP-24/TP-36 

Cooling-load water return (simulator) 


TP-11 

Steam manifold 



Absorption chiller 


Thermometer 

Absorption chiller condensate outlet 


T43 

Absorption chiller chilled-water inlet 


TF-13 

Absorption chiller condenser water outlet 


TP-19 

Absorption chiller chilled-water outlet 


T-34 

Absorption chiller condenser water inlet 



Compression chiller 


TP-25 

Compression chiller condenser water outlet 


TP-26 

Compression chiller chilled-water outier 


TP-32 

Compression chiller chilled-water inlet 



Combined chillers 


TP-17 

Combined-chillers condenser water outlet 


TP-31 

Combined-chillers chilled-water outlet 



Thermal storage 


TP-15 

Cold thermal storage outlet 


TP-33 

Chilled-water storage tank 


TP-28 

Hot thermal storage tank 



Heal rejecsion/heai transfer 


TP-29 

Cooling-tower water outlet 


TP-30 

Cooling-tower water inlet 


TP-26 

Oil-aftercooler-interchanger cooling^waier inlet 


tP-H 

Oil-aAercooler-interchanger cooling-water outlet 



Excess-steam condenser 


Thermometer 

Excess-steam condensate outlet 


TP-22 

Excess-steam -condenser cooling-tower water outlet 



Jacket-water interchanger 


T-8 

Jacket^waier inierchanger outlet 


TP-16 

Jacket-water interchanger cooling-tower water outlet 



: Auxiliary facility heat exchanger 


TP-3 

Engine jacket-water outlet 


TP-29 

Jacket-water pump inlei 


T-9 

Auxiliary facility heat exchanger water inlet 



Table VI. —Continued 


hem 

Simpr mmenvkm&v 

LiK:atitw 

Temperature 


Facility heat exchanger 


Thermometer 

Facility heat exchanger condensate outlet 


TP-30 

Facility heat exchanger hot-watcr outlet 



Freshwater preheater 


T-22 

Putable water inlet 


TP-8 

Freshwater preheater outlet 


TP-21 

Freshwater preheater uiMuop outlet 



Freshwater heater 


T-23 

Heater water outlet 


T-24 

Freshwater heater healing-water inlet 


T-21 

Freshwater heater heating-water outlet 



WMS heater 


T-IO 

WMS heat exchanger sewage inlet 


T>I1 

WMS heat exchanger sewage outlet 


T-28 

WMS heater oil-loop outlet 



Water sterilization heat exchanger 


TP^23 

Sterilized water inlei 


T^I3 

Sterilized water outlet 


Thermometer 

Sterilizer condensate outlet 



Regenerative sewage heater 


T-25 

Sewage supply inlet (biological disk) 


T-14 

Sewage regenerative heater outlet 


TP-9 

Regenerative sewage heater process water inlet 


T-17 

Sewage regenerative water outlet 



Sterilization regenerative heat exchanger 


T-I8 

Sterilizer preheat outlet 


T-19 

RO water outlet 


TP42 

Sterilizer outlet 

Flow 

F-2 

Jacket-water return 


F-3 

Jacket-water inlerchanger 


F-IO 

MeuPro unit Inlet 


F41 

Incinerator fuel flow rate 


•• ' ■ : F42 ■ ■■ 

Potable water iniei 


F44 

Potable water into freshwater heater 


F45 

Potable water out of freshwater heater 


F46 

Hot thermal storage/facility heat exchanger supply 



: Facility heating hdt-watef supply 



Cooling-tower water inlet 


F-23 

Cdmpresstou chiHer chtlbd-water inlet 


^ - " F-24 

Absorption chiller cbilJed-water outlet 


F-25 

Absorpiiori chiller condenser water outlet 

... . ■;■ ... - ■ -.. ........ . ■•• •; 


Compression chiller cpndettsfef 


F-28 

Oil-aftercooler-interchanger cooling-tower water inlet 


F42 .•■ 

Sierihzatioh regenerative heat exchanger inlet 


F-36 

Cooling-tower water makeup 


F-38 

Oil aftercoofer engine Inlet 


Fr40 

oil inierchanger outlet 




Table Vl.— Concluded 


hm 

Hvftsor tmm0tviatim‘ 

Locathm 

Flow 

F-41 

Cold thermal storage bypass 


Manual 

Excess-sieam^contJenser condensate weight 


Manual 

Absorption chiller condensate weight 


Manual 

Facility heat exchanger condensate weight 


Manual 

Water sterilizaiion heat exchanger weight 

Power 

Ammeter 

Goolmg-tower fan 


Ammeter 

Cooling-water pump motors 


Ammetet 

Chilled-water pump motors 


Strip chart (ammeter 1 

Compression chiller motors 


Wattmeter 

Engine 


Power factor mewf 

Engine 


Table Ratio As A Function Of Load, MIST Series // Test--Conwession Chiller 


299.82 K (SO"* F) condenser water 

302.59 K F) condenser water 

30SJ7 K (90" i 

condenser water 

Cooiing had, 
kW(hn) 

Power consumption 
per unit coating had, 
kWikW(kWnon) 

CooHng toad, 
kW (ton) 

' 

Power consumption 
per unit cooling load, 
kW!kW (kWfton) 

Coating toad, 
kW(ton) 

^ — 

Power consumption 
per uriU coating toad, 
k WlkW (kWtton) 


Setter set point ^ 284M K (52'' F) 


19.20 (5.46) 
31.69 (9 .01) 
54.97 (15.63) 
73.99 (21.04) 
91 JO (25.96) 

0.26 (0.90) 
J6 (.90) 
2% {XI) 
.24 (.84) 
.23 (52) 

18.46 (SJS) 
36.65 aO.42) 
56.34 (16.02) 
71.78 (20.41) 
89:i2 (2534) 

028 (0.99) 
.28 (1.00) 
.24 (.86) 
28 (.98) 
26 (.93) 

17.44 (456) 
38.68 (11.00) 
53.77 (1529) 
7458 (21.15) 
8859 (25.19) 

a27 (056) 
.28 (.57) 

50 (1.06) 

51 (1.09) 
22 (55) 


Sensor set pomt ^28SM K (55'' F) 


24.23 (6J^) 
35.48 (10.09) 
52.44 (14.91) 
67.98 (19.33) 
88.69 (2SJ2) 

0.32 (U4) 
J1 (1*08) 
Jl (UJ) 
JO (1.05) 
.26 (.93) 

2620 (7.45) 
40.44 (11.50) 
54.79 (1538) 
72.13 (2051) 
91.19 (2553) 

0.22 (0J9) 
JO (1.04) 
J4 (UO) 
.32 (1.12) 
.26 (.92) 

20.13 (5.73) 
3527 (10.03) 
4957 (1421) 
73.78 (20.98) 
8757 (24.90) 

034 (1.18) 
.27 (.95) 
.28 (LOO) 
Jl (1.10) 
.28 (.99) 










Table Vni.-^themalStoroge Summary Data, MIST Series IV Test— Thermal Storage Tests 


(a) C oM fhemmt starofic 


Dtschatge rate. kW <Btu/hr),at ^ 

Full flow . . * 

Three-fourihs flow 

Qne-hairnow 

Charge rate, kW (Btu/hr), al - 

Full now . . .. 

Three-fourths flow 

One-half flow ..... 

Ideal capacity, MJ (Biu) 

Heat-gain factor. W/K ( Btu/(hr * 
HfTective capacity, MJ (Biu) . . 
Performance coefflcieni ....... 


20 .*? ( 7062 .^) 
n .8 (40 3561 
8.3 (28 250 ) 

41.4 (141 248 } 
20.7 ( 70624 ) 
16.5 (56 m> 
297.8 (282 495 ) 
29.89 ( 56 . 7 ) 
191.6 (181 749 ) 
0.88 


(b) Hot tfwrmai storafie 


Discharge rate, kW (Btu/hr). al - 

Full flow — — 

Three-fourths flow — 

One-half flow 

Charge rale, kW (Btu/hr), al - 

Full flow 

Three-fourths flow 

Gne-half flOMz 

Ideal capacity, MJ (Btu) . . .> 
Heal-loss factor, W/K. (Btu/(hr • ®F)> 
Effective capacity, M J (Btu) . . ^ . 
Performance coefticient 


218.7 (746 872 ) 
Not applicable 
Not applicable 

153.1 (522 810 ) 
Not applicable 
Not applicable 
1378.1 (1307 027 ) 
17.61 ( 33 . 4 ) 
1398.8 (1 326 699 ) 
0.92 






fc) Excess^steam cond^ser 


Etig fne had, 
kiV 

Total heat rejection, 
MJh(Bmh) 

Thermal 

effectiveriess 

€, 

H>ryi 

iji-'S 

200 

540.882 (5.130 x 10') 

0-97 

225 

548.262 (5.2d0) 

‘97 

ISO: “I05.S (10) 

^ (Q) 

id) 

175; •>105 J (30) 

^(0) 

(d) 

200; *>140.7 (40) 

343.718 (3.260) 

.97 

225; •»)75.8(50) 
225; •>175;8 (50); 

134J46 (1.278) 

.97 

(e) 

495-545 (4.700) 

.97 


Engine had 
kW 

Total heat refection, 
MJhfBmh) 

thermal 

etTecfi^ess 

25 

112-815 (1.070 X 10*) 

0.99 

50 

114524 (l.0!)0) 

.99 

75 

216.142 (2.050) 

.98 

100 

288.892 (2.740) 

.98 

125 

321.577 (3.050) 

.97 

ISO 

375.349 (3560) j 

.97 

175 

525.383 (4;983) 

.97 


■The niimer«lorcofttjiiQs the difTcirehce teiw^ialetwd Wit teipperaluie fdr tlie one of ihei«o flvitb for »h]ch ihisdiffcrehce ts larger- the demniijuipr eomalrt* ihc dirierence 
bet«e^ the |tfo;iaiet teihp^ui^ In addition, e 
^Xfr-eohdtiimef 1^. hflowa^^ 

'^M^utewentin.doybi. . 

**NonoperaltoniJ. 

^hcinefgtof. ' 





















Table X. — Exchanger Thermal Effectivene^, Series VI Test— Ancillary Exchangers 


(a) R^aterallve sewage baiter (b) Sterilization regenerative heat exchanger 


Steam 
pressure, 
kPa (psig) 

Total heat 
tranter, 
AfJh(Bttth) 

Thermal 
effectiveness €, 

- fell 
hr f2i 

110.3(16) 

155^00 (L472 X 10*) 

0.590 

89j6(13) 

169^45 (L609) 

.630 

7Sa (11) 

170.172 (L614) 

.620 

62.1 (9) 

169.7S0 (1.610) 

.630 

48.3 (7) 

164.268 (1.558) 

.630 

Spec. 

307.027 (2.912) ! 

.85 


Steam 

pressure, 

kPa(ps(g) 

Total heat 
transfer, 
MJh (Btuh) 

Thermal 

ejfecil)mess€, 

fli ~ ’21 

nO J (16) 

95 J08 (0.93 X l O’) 

0.960 

89.6(13) 

103.959 (.986) 

.970 

75.8 (11) 

109.125 (1.035) 

.980 

62.1 (9) 

107i44 (1.020) 

.990 

48.3 (7) 

108.282 (1.027) 

.970 

Spec. 

101.850 (.966) 

.850 


(c) Facility heat eiahanger (d) Auxiliary facility heat exchanger 


Heating 

toadi 

MJh (Btuh) 

Total heat 
tranter, 
MJh (Btuh) 

Thermal 
eff&!tivmess € 

^(‘i~te>i 

’ll - ‘s 


Engine 

load, 

kW 

Total heat 
transfer, 
MJh (Btuh) 

Thermal 

0ecdvenessa, 

% - 'eh 
'll - '2i 

105.4 (100000) 

176.709 (1.676 X 10*) 

0.98 


25 

210.870 (2000 X lo’) 

0.720 

210.9 (200000) 

265.274 (2.516) 

.98 


SO 

284.675 (2.700) 

.780 

316.3(300000) 

340.028 (3.225) 

.98 


75 

298.908 (2.835) 

.770 

421.8 (400000) 

433.970 (4.1I6> 

.98 


125 

388.739 (3.687) 

.810 

527.2(500000) 

519.795 (4.930) 

.97 


175 

492.442 (4.718) 

.850 

Spec. 

532.447 (5D50) 

.98 


225 

629J42 (5.969) 

.870 


i 



Spec. I 

515,999 (4.894) 

.900 


"Xbe nuHicTalor contains the dllfercnoe between intet andcJdt temperature for thconeof the two fluids for which this dlffeience is larger. The denominator contra 
the difference between the two inlet temp^mtures. En addition, c is always taJeen expositive. 




Table X. — Concluded 


(e) WMS heater 


0) Freshwater heater 


Total heat 
transfer. 
MJh (Btuhi 


40.803 (0.387 XiO ) 
40.803 (,387) 

37.851 (.359) 
37.535 (.356) 
36.586 (,347) 
42-5% (,404) 
74:648 (.708) 


(gy Freshwater preheater 


Total heat 
transfer, 
MJh (Btuh) 


Hi ^ ’2i 


Thermal 
ejfecitvettess 6. 


Heating 

load, 

MJh (Btuh) 


105,4(100000) 
210,9 (200000) 
316,3 (300000) 
421.8 (400000) 
527,2 (500000) 
Spec, 


Total heat 
iratirfer, 
MJh (Btuh) 


53,877 (0.5H XlO ) 
52.507 (.498) 
51,663 (.490) 
48.289 (.458) 
35.742 (,339) 
163,108 (1.547) 


Themml 
effect iveness e , 


'// - '2i 


(h) Water sterilization heat exchanger 


Steam 
pressure, 
k Pa (psig) 

Total heat 
transfer, 
MJh (Btuh) 

110,3 (16) 

146.660(1.391x10*) 

89.6 (13) 

127.682 (L211) 

75.8 (11) 

108.914 (1.033) 

62.1 (9) 

100,585 (.954) 

48.3 (7) 

92.256 (.875) 

Spec. 

54.299 (.515) 


Thermal 
effectiveness e. 


<li ■ '2i 


“Tlic numerawr contams ihe difference twsiween trilei and eKii temperature for the one of the two fluids for which this difference is larger. The denominator coniams 
the difference between the two inlei temperatures. In addition, d is always taken as positive. 

^Oaia not recorded- 


Table XL — Waier Management Subsystem Tests 


Test program 

Completion status 

Remarks 

Independent physical-chemical 

Partially completed 


Iron salt coagulant 

Completed 

Alum replaced iron because of 
unavailability of ferric chloride 

Lime 

Reverse osmosis 
Bio1ogica]>iertiary 
302.59 K (85" F) 
310,93 K (100“ F) 

Not completed 

Completed 

Completed 

Lack of liming equipment and 
recarbonatjon 

Hydraulic overload 

Completed 

Blologlcat overload substituted; 
hydraulic overload could not be 
achieved because of pump 
flow limitations 

Biological-system poisoning 

Completed 

Excess alum added 

Sludge train 

Not completed 

Inadequate sludge conditioning 
equipment 








































Table XIL — Physical-Ckemical Test Results^ 
fCoagulatti dose: average alum, 195 mg/literj 



uHL'han^d« disitnivat unchan^d. %luii))c miIiiJ^ I'onirentrulc. 0.24 |u;rccnl 
*^eiti|wfalurc A ' Mi2 S'i K (85" V) 

*^T«mpcralurc B - }\W K i 100" Fi 


Table XtlL — Reverse*Osmosis Test Results 



« ^Beduction, 90,5 percent 
*’Rcdt»clioh, 90.5 pcrcedL 
*^Reduction. 93.0 percent 
*^ReductiDn, 74J percent 
^Reduction, 89.0 percent 









































































t 1 


Table XV.-BiohgicahPhysieal-Chemical-Oveifload Test Results 
[Values in parts per mHlionJ 


test parmeter 

Raw or ; 
primary 

Bio^urf 

Deniirifier 

Fhysicaf'chemicai 

In 

- 

2d 

id 

4ih 

Out 

hi 

2d 

3^ 

4th 

IN 

Ciarifier 

Carbon 

Chforine 


Overloudl 

BOD 

40 

47 




H 

■ 

13 



. 


: 


— 

— 

— 

7.2 

GOD 

146 

233 

— 



■ — : 

47 

— 

— 

— 

— 

— 

28 


— 

31 

Ammonia 

9:0 

8,2 

3.3 

1.1 


0:4 

.5 

— 

— 

— 


— 

— 



.4 

Nitrate 

,5 

1.9 

6:0 

5.5 

6.1 

5.6 

6i0 

2J 

0.8 

mimm 

0.2 

— 

4.2 



4.3 

Su^ended solids 

80 

277 

— 

B 



30 

B 


— 

B 


— 



78 

Tdrbidity 

80 

131 

— 




32 

B 


— 

B 


— 



9 

Phosphorus 

6.5 

6.7 

-r 

H 



1.6 

H 



B 

B 


^B 

BB 

.05 

Overload 2 


BOD 


50 


H 


..... 

9 

B 

H 


B 




— 

7,6 

GOD 


441 


H 

— ■ 


74 

B 

Bb 



— 

46 

— 

— . 

12,5 

Ammonia 


18.1 

12.0 

68 

i 3.2 

1.9 

1:6 

B 

B 


B 

— 

— 


— 

,6 

Nitiale 


L8 

6:0 

6J 

7.0 

9.5 

12.1 

2.0 

0 5 

0.2 

0.2 


3.5 


— 

5.3 

Suspended solids 

■ — 

303 



B 


40 

B 



B 


— 

— 

— 

7.2 

Turbidity 



227 



B 


65 

B 



B 


— 

— 

' — 

5 

i^osphonis 

— 

6:6 



H 

B 

2>8 

H 

B 


B 

B 




.05 


1 eu*#.iiu*w ••«<« 























































Table X Vh — EnBlneering’^Umt Conversion Table Based on Thermoelectric Curve 

[Constantan thermocouple] 


(a) Ho( wafer (J55J7 fC (IS0° F))fsenms T-4^ ami 


Electromotive 

force, 

mV 



Differential temperature, K (°Fi, correspondintt to potential dijfvremv of ‘ 




1 

OMOmV 

om m V 

0.02 mV 

(W3mV 

0i04 mV 

OMSmi' 

OM m V 

0.07 mt 

QMS ml 

0.0^ m l 

OiO 

0 (0) 

022 (04) 

0.44 (0,8)' 

0.67 (1,2) 

0:94 (1.7) 

1,17 (2.1) 

U9 (2,5:) 

1.61 (2.9.) 

1.83 

(3.3) 

2.06 

(3J) 

.1 

2,33 (4.2) 

2,56 (4.6) 

2.78 (50 

3:0 (54) 

3.22 (5.8) 

3.44 (6.2) 

3)61 (6.5) 

3.83 (6.9) 

4,06 

(7.3) 

4.28 

(7.7) 

,2 

4.5 (8.1) 

4.72 (8:5) : 

4;89 (8.8) 

5.11 (9.2) 

5.33 (9,6) 

5.56 (10:0) 

5,78 (10.4) 

6.0 (10.8) 

622 

(11.2) 

6,5 

(117) 

. .3 

6.72(12.1) 

6.94 (12,5) 

7,17 (12,9) 

7,39 (13.3) 

?.6t (13.7) 

7.89 (14.2) 

8.11 (14:6) 

8,33 <!5.0) 

8.56 

(15.4) 

8.78 

(15.8) 

4 

9D (16.2) i 

9,17 (16,5) 

9.39(16,9) 

9.61 (17.3) 

9,83 \I7.7) 

10:06 (18.1) 

10,28 (18.5) 

10i44 (188) 

10:6*7 

(19.2) 

10.89 

(19.6) 

. s 

11,11 (20,0) 

11,33 (204) 

11,56 (20.8) 

11.7 8 (21.2 ) 

12.06 (21.7) 

12,28 (22.1) 

12.5 (22.5) 

12.72 (22.9) 

12.94 

(23.3) 

U17 

(23.7) 

,6 

13,44(24,2) 

13:67 (24.6) 

13,89 (250 

14.11 (254) 

14,33 (25.8) 

14.56 (26,2) 

14.83 (26.7) 

15,06 (27.1) 

15.28 

(27.5) 

15.5 

(27.9) 

■ J \ 

15,72 (28.3) 

15,94 (28.7) 

16,22 (29.2) 

11644 (29.6) 

16.67 (30.0) 

16.89 (30.4) 

17.11 (30.8) 

17.33 {31.2) 

17.56 

(31,6) 

17.83 

(32.1) 

-■ .8 

I8;06(32.S) 

18,28 (32.9) 

18.5 (33.3) 

18.72 (33,7) 

19.0 <34.2i) 

19.22 (34.6) 

19.44 (35:0) 

19:6? (35,4) 

19 89 

(35.8) 

20; M 

(36.2) 

.9 

20,28 (365:) 

20.5 (36,9) 

20,72 (37,3) 

20.94 (37,7) 

21.17 (38,1) 

21,39 (38.5) 

21,56 (38.8) 

21.78 (39.2) 

22.0 

(39.6) 

22.22 

(40:0) 


(fy) Cold water (280,37 K (45° F)) (sensors T-48 and T50) 


Electromotive 

force, 

mV 


OMmV 


Differential temperature, K CF), correspondm to potential difference of- 


O^Oi mV 


0,02 mV 


0,03 mV 


0i04ml 


0i05f}f\ 


0,06 ml 


0B7 mV 


aOH mV 


0M9m\ 


0.0 

-! 

.2 

A 

,5 

.6 

.7 

.8 


0 ( 0 ) 
2,78 (5,0) 
528 (9,5) 
7,83 (14,1) 
I0J3 (18.6) 
12,89 (23.2) 
15,39 (27.7) 
17.94 (32,3) 
20,28 (36,5) 


0,28 (0,5) 
3,0 (54) 

5,56 (10.0) 
8.06 (14.5) 
10.61 (19.1) 
13.11 (23;6) 
15.67 (28.2) 
18.17 (32.7) 
;20.5 (36.9) 


0,56 (1,0) 
3,28 (5.9) 
5.78 (10.4) 
8,33 (15.0) 
110.83 (119.5) 
il3.39 (24,1) 
115,89 (28,6) 
il'8,44 (33,2) 
20,72 (37,3) 


0,83 (1.5) 
i 3.56 (6,4) 
6,06 (10:9) 
■ 8.56 (154) 
11,11 ( 20 . 0 ) 
13.61 (24.5) 
1 16.17 (29,1) 
18.67 (33.6) 
20.94 (37.7) 


1.1 1 ( 2 , 0 ) 
3.78 (6,8) 
633 (11.4) 
8,83 (15.9) 
11.33 {204) 
13.89 (25.0) 
16.39 (29.5) 
18,94 (34,1) 
21,17 {38,1) 


1.39 (2.5) 
4.06 (7.3) 
6,56 (11,8) 

9.1 1 (164) 
11,61 (20.9) 

14.11 (25.4) 
16:67 (30l0) 
19.17 (34.5) 
21.39 (38.5) 


1,67 (3:0) 
4.28 (7.7) 
683(12.3) 
9.33 (16,8) 

11.89 (21.4) 
14,39 (25,9) 

16.89 (304) 
19,44 (35.0) 
21.56 (38.8) 


1,94 (3.5) 
4,56 (8.2) 
7,06 (12.7) 
9.61 (17.3) 
12.11 ( 21 . 8 ) 
14.6? (264) 
17.17 ( 30=91 
19,67 (35 4) 
21.78 (39,2) 


2.22 (4,0) 
4,78 (8.6) 
7,33 (13.2) 
9.83 (17.7) 
12,39 (22.3) 

14.89 (26.8) 
17.44 (314!) 

19.89 (35.8) 
22 0 (39.6) 


2.5 (4.5) 

5:06 (9.1) 
7,56(13.6) 
10 1 1 (18.2) 
12.61 (22.7) 
15.17 (27.31 
17.67 (31.8) 
20.11 (36 2) 
22.22 (40i0) 



Table XVU.—I^essed Data (Exan^le) 


croup no.' J hist BANOPASS tabs HAC51D1.A.l.l.6,5TEPA-4b,RAC0 






jacket HATER 

EKMAUST AUXUIART MX 

UHS MX HHS 

MX IHClItERArOR 





intercmamger 

SltCUCtR 

HEATTHG SeUACE 

IH SEuaGE out hk feed 






OUT 

MX EECO 

mater ih 



MATER 







HAUR 










TO. 

T07 

TOO 

TIO 

Til T12 






DEG f 

DEG 0 

DEG f 

DEG 4 

DEG 

f DEC f 



TIHE 


013 COT OND 

023 CUT OHO 023 CNT BhO 02l 

CHT 

BHD 023 CHT BHD 023 CHT 

OHO 

DAY MR HIM 

SECS 

DATA 

DATA 

DATA 

DATA 

DATA DATA 


ill 

? 

10 

aCOO 

01.4 

129.4 

142.4 


73,7 

74,7 130.1 

^ts 


11 

,660 



130,4 





Ul 


11 

.000 








w 

7 

u 

.006 


m,i 

137.0 





Zll 

7 

16 

,006 


150.0 




76.2 


m 

7 

17 

,060 


132.3 

133.5 


73.0 



211 

7 

10 

.006 


114.0 

137.4 




13 

215 

7 

21 

,606 


TSC.ft 

131.4 



77,4 


215 

7 

22 

.006 



T5».* 





Ul 

7 

24 

.600 



T61.T 





211 

7 

23 

.000 





76.3 



213 

7 

27 

.006 






71.7 

1 

211 

7 

24 

.666 


137.1 

161,1 





211 

7 

10 

.000 


134.7 



74,6 

76,3 

112 

211 

7 

11 

.000 



161.1 





241 

7 

11 

.000 

00.3 


161.3 




11 

m 


34 

.006 



163.4 





241 

7 

io 

.060 





73.7 

77,0 


213 

7 

41 

.600 



166.4 





241 

7 

42 

.600 








241 

7 

44 

.000 


111.3 

167,6 





211 

7 

43 

.000 


112,2 




70.1 


211 

7 

4? 

.600 


110.6 



77*0 



m 

7 

41 

.006 


120.1 

V60.1 





241 

7 

36 

.006 


124.1 






241 

7 

32 

.000 


124.2 



73.0 

77.4 

121 

1 


35 

.000 


122.4 






i 


35 

.boo 


121,2 






241 


34 

.000 


110,2 






241 

I 

1 

.060 


117.1 



76,5 

74.1 


m 


2 

.000 

40.1 







U1 

I 

. 4 

.006 


113,5 






245 


3 

.000 



170,4 





111 

4 

7 

.066 


111.0 




70.0 


211 


» 

.000 





77.6 



241 

1 

16 

.060 


112. 4 






211 

4 

13 

.006 


104.3 



73,6 

71.2 

12' 

241 


13 

,-600 


107.4 






211 

1 

14 

.000 


101.2 






211 

4 

to 

.000 








241 

4 

21 

.000 






70.3 


211 

4 

21 

.000 


104.0 



76,1 



243 


21 

• 000 








241 


27 

.boo 


103.7 




10,3 


111 


10 

>060 





71.1 



243 


32 

.000 


102.1 







RiSPRODUCIBILlTy OF THE 
ORIGINAL PAGE IS POOR 



Table XVHL-^pecmc E^^^ Rates, EbuUienuCooUng Mode^ 


Heat-recovery rate 
kW(Btufiir) 


Test Ume^ 
hr 


42J (145 873) 
52i6(179462) 
83iO(283 35S) 
100.1(341917) 
1324(452 023) 


^eci/ic heahrecovery rate^, 
JU(BtutkWb) 

^ecijic heat-r^ection rat^, 
JfJ(Btuikm) 

1042 X iO^^ (3558) 
922 C3148) 

873 (2983) 

936 (3196) 

1085 (3705) 

598 x10"3 (2042) 
554 (1893) 

429 (1466) 

394 (1345) 

326 (1112) 


~Sununary ddtalram ei^e^nly lesis (Indncrator not operational). 
^gh<grade heat. 

^Lowrfrade heat. 




-i.. -I..-' 


V 














Jocinerator 

Thermaf storage 

Test 

Actuai 

Oii aftercooier 

Specific oif 

High^grade-heat 

Specific 

status and 

status and vaiue^ 

setting, 

heat food. 

heat rejection, 

heat ‘rejection 

Heat recowry 

high-grade^heat 

vaiue, on/off, 

mmu) 

charge/dlschai^e, 

MJfBtu) 

MJh (Biuh) 

MJh (Btuh) 1 

MJh (Btuh) 

rate, 

JIJ(BtuikWh) 

rate, 

MJh (Bwh) 

recovery rate, 
JiJ(BtufkWh) 


Test series lA-L ebuWeni mode 


41 :■■■■ 

m \ . 

Cha^e 











18.8 (17 792) 

52 J (50 000) 

115.6 (109680) 

86.1 (81640) 

583 X 10 

(1991) 

1513 (144 450) 

;1032 X 10 

(3523) 


Off 

DischaTge 
167.1 (158 517) 

263t6 (2SD(H») 

296;5 (28il 220) 

86.8 (82 320) 

588 

(2008) 

147,2 039580) 

997 

(3404) 


Oft 

Charge 
26.3 (34 952) 

105(4 (100000) 

112.3 (106 500) 

78.6 (74 575) 

533 

(1819) 

158.5 (150 307) 

1073 

(3666) 


Off 

Dischai^e 
1215 (116 162) 

210.9(206000) 

24U (228900) 

87.9 (83 370) 

595 

(2033) 

I62;0(r5366$) 

1097 

(3748) 


Off 

Off 

52.7 (50 000) 

55.4 (52 550) 

102.0 (96 720) 

691 

(2359) 

149.0 (141 365) 

1010 

(3448) 




38,0 (36024) 

116 (11947) 








Test series lA-2, ebulfiem mode 



On 

209.9(199090) 

Charge 

266.3 (252561) 

52 J (50000) 

60;5 (57420) 

119.2 (113 100) 

808 X 10”' 

(2759) 

356.5 (338 117) 

24)5 X 10"' 

(8248) 


On 

225.4 (213 822) 

Discharge 
141.6 (134259) ; 

421.7 (400000) 

47L4 (44? 120) 

120i6 ('114405) 

817 

(2790) 

375.5 (356 178) 

2544 

(8687) 


On 

193.2 (183 196) 

Cha^e 

229.7 (217893) 

105.4(100000) 

nil (106340) 

124J (117900) 

842 

(2876) 

3719 (353 666) 

2526 

(8626) 


On 

237 8 (225 584) 

Discharge 
80:0 (75859) 

36910 (350 000) 

405.7 (384 800) 

102.0 (96 738) 

691 

(2359) 

370.4 ( 351 265) 

2508 

(8567) 


On 

234.3 (222 247) 

Charge 

137.9 (130812) 

210.9 (200 000) 

213.2 (202208) 

123.2 (116 870) 

834 

(2850) 

366.8 (347 930) 

2485 

(8486) 


Test series IB-iyebulliem mode 


57 

Off 

Charge 

108,8 (103 199) 

52.7 (50000) 

57.4 (54470) 

109.1 (103487) 


Off 

Discharge 
206.5 (195 812) 

316.3 (300000) 

357.7 (339 300) 

107.5 (101 978) 


Off 

Charge 






0 

158.2 (ISO 000) 

166.0 (157425) 

112.4 (106 564) 


Off 

Discharge 
167.5 (158 889) 

263i6 (250 000) 

306.7 (290925) 

126,1 (119 580) 



IW.7 (180883) 

929 X lO”* 

(3173) 

190.5(180695) 

928 

(3170) 

188,7 (178936) 

919 

(3139) 

187*0(177 333) 

911 

(3111) 





































Table XIX.— Continued 


Ehgtne.^had, 

incinerator 

Tiiermai srardge 

Test 

Actual 

Oil aftercooler 

Specific oit 

HigH^radedieat 

Specific 


m y-::'r 

smm and : 

statm cmd vafue. 

sidring^ 

heat toady 

heat rejectiony 

heat^rejection 

heat recovery 

high-grade~heai 


vatueiOnM£fl 

charge/discharge. 

MJh (Biuh) 

MJh(Btuh) 

Wh(Bwh) 

ratCy 


ratfy 

recovery rate. 


m/Stu) 

MJ(Btu) 




J(J(BiuJkWhi 

MM (BtuHi 

J/JlBwtkWhj 

Tesrseries iC-I, ebulliejir mode 

' ■.95''-'.:--: 

Off 

Charge 





11457); 






1S0.3 (171 045) 

52,7 (50 000) 

63iO (59 760) 

145.9 (138 420) 

427 X 10~^ 

308.3 (292365) 

90! X 10 ’ 

(3077) 


Oft 

Discharge 
235;6 (223 474) 

421.7 (400006} 

460.5 (436 720) 

145,9 (138 348) 

426 

(1456) 

285:9 (271 160) 

836 

(2854) 


Off 

Chatge 
62J (58853) 

1584(150000) 

186.8 (177 205) 

141,2 (133 959) 

413 

(1410) 

288.1 (273 288) 

842 

(2877) 

/■■ ■ • ••••' :.' ' 

Off ; 

Discharge 
61.3 (58 158) 

316.3 (300000) 

292.2 (277 120) 

154.2 (146231) 

:4Si 

(1539); 

312,7(296607) 

914 

(3122) 

Test series iD-I, ebuffmt mode 

m 

Off 

Charge 











198.0(187809) 

105.4(100000) 

105.3 (99 840) 

164.3 (155 805) 

426 X 10"' 

(1456) 

347.8 (329 836) 

903 X 10^^ 

(3083) 


Off 

Charge 
61 J (58 301) 

210i9 (206000) 

238.1 (225 780) 

1603 (152 057) 

416 

(14211) 

362,1 (343463) 

940 

(3210) 


Off 

Chaige 
25i0 (23683) 

263i6 (250 000) 

268.6 (254760) 

136.1 (129 114} 

353 

(1207) 

350.8 (332 754) 

911 

(3110) 


Off 

Dischaige 
1994 (189 005) 

421.8 (400000) 

479.7 (454 920) 

146,3 (138 783) 

380 

(1297) 

;381.3 (36!614) 

990 

(3380) 

Test series iD'2r fftode 

107 

On 

Charge 




^ : — 






155,9 (147 907) 

385.7 (365 789) 

105.4 (100 000) 

127.7 (121 125) 

152.2 (144 328) 

395 y lO 

(1348) 

565.7 (536 551) 

1468 X 10"' 

(5014) 


On 

Charge 










144 6 (137 167) 

179,4 (170 132) 

263,6 (250000) 

343.2 (325 518) 

136;3 (129297) 

346 

(1180) 

587.8 1557468) 

1525 

(5210) 


On 

Charge 










180.1 (170785) 

■ 

120,0 (113 816) 

369.0 (350 000) 

419.1 (397440) 

131.9 (125 120) 

■ — - — j 

342 

(1169) 

607 0 (575 694) 

1575 

(5380) 


T-sTw'!; .?i!* W-: ■- _ "\..t . 





Table XIX.~~Coneluiied 


Incinerator 

Ihermal storage 

Test 

Actual 

on aftercoofer 

Specific oil 

Highi^rade-heat 

status and 

status add value, 

setting^ 

heat had, 

heat r^ection. 

heat-rejection 

heat recovery 

value, onidff, 
mBtu) 

charg^/dlscbarge, 

/djfBttO 

MJh(Btuh) 

MJhfBtuhy 

MJh (Biuh) 

rate, 

JfJCBtu/km} 

rate, 

I^Jh (Bfuh) 


Test series iErl, ebuWent mode 


Chaige 
26.6 (25 247) 
Charge 

i43:0 (135606) 


Specific 

high^grade-^ieot 
recovery rate, 
J/J (BtuffciVh) 


316.3 (300000) 355.8 (377472) 148.7 (140996) 338 x10 ^ (1156) 476i0 (451 418) 1083 x 10 (3700) 


158.2 (150000) 176.7 (167 638) 137.2 (130139) 312 


Test series IE-2, ebuHiem mode 


(106?) 477.2 (452627) 1086 


Qn 

184:1 (174 600) 

Gharge 

396.9 (376 439) 

158.2(150000) 

180.2(170910) 

124.4 (118 000) 

2832 X IO"' 

(9673) 

670.1 (635 528) 

On 

17010(161221'} 

Charge 

34?a (329174) 

210.9(200000) 

233J (221 676) 

131,2 (124 400) 

299 

(1020) 

626.9 (595 601) 

Oh 

146.7 (139 151) 

Charge 

184;7 (175 218) 

369.0(350000) 

4204 (398860) 

139.5 (132 321) 

318 

(1085) 

697.7 (66! 699) 



























Table XX.—Space-Cooling Test Results 


e Incinerator 
status 


Test 
settingr 
kW (tons) 


312 

87.9 


52.8 (15) 


Acmai coof&tg 
load, 

k iV (tons) 


Absorption 
chiller toad, 
kW (tons) 


Compression 
chiller load, 
kW (tons) 


Test series JA-L ebullient mode 


ft 

105.5 (30) 

34.64 (9.8S) 


35.2 (10) 

47.4! (13.48) 

iT 

70.3 (20) 

71.04 (20 JO) 


18.50 

(S.26) 

31.69 

(9.01) 

43.26 (12.30) 


Test series !A^2, ebullient mode 


On 

105.5 (30) 

On 

87.9 (25) 


85.07 (24-19) 

45.96 (13.07) 

95.16 (27.06) 

15.54 (4.42) 


Test series tB-L ebullient mode 


Tesit series IC-L ebullient mode 


Test Series !D^2, ebullient mode 


Test series IE‘2, ebullient mode 


Floating-split 

ratio, 

absomtionf 

compression 

percentages 


46.6/53.4 

33.0/67.0 

39.1/60.9 


65.0/35.0 

86.0/14.0 


52.47 (14.92) 

22.19 (6.31) 

30JS (8.61) 

42-3/57-7 

101-46 (28-85) 

33.97 (9.66) 

67,49 (19.19) 

33.5/66.5 

47.51 (1351) 

29.05 (8.26) 

18.46 (5.25) 

61. 1/38-9 


Off 

70.3 (20) 

70J7 (20.01) 

35.77 (10,17) 

34.61 (9-84) 

Off 

105.5 (30) 

13206 (37.78) 

55.00 (15.64) 

77.86 (22.14) 

Off 

52.8 (15) 

53J4 (15.14) 

44.73 (12.72) 

8.51 (2.42) 


50.8/49.2 

41.4/58.6 

84;0/16-0 


On 

140.7 (40) 

167.19 (4764) 1 

85.07 (24.19) 

82.12 (23.35) 

50,9/49,1 

On 

12.31 (35) 

129.42 (36.80) | 

70.41 (20;02) 

5901 (16.78) 

54-4/45.6 


On 

140.7 (40) 

136.42 (38,79) 

72.73 (20.68) 

63-69 (18.11) 

53.3/36.7 

On 

105.5 (30) 

137.23 (39.02) 

69.21 (19.68) 

68.01 (19.34) 

50.4/49,6 

On 

105.5 (30) 

118.48 (33.69) 

51.03 (1451) 

67.45 (19.18) 

43.1/56,9 

On 

706 (20) 

72.73 (20.68) 

72.73 (20.68) 

0 (0) 

100.0/0 
















































Table XXL—tntegrated Test Matrix 


Test no. 


Season/test condithn 


MIST configuration 


nA-1 

IlA-2 

lEB^l 

llB-2 

lie-1 


Design summer day 
Design summer day 
Design winter day 
Design winter day 
Average spring/fatl day/ 
domesti(>hot-water heating 


Thermal storage 
No thermal storage 
Thermal storage 
No thermal storage 
Thermal storage 


Table XXIL — Series ! Test Conditions 


Test no. 

Engine toad, kW 

IA-1 

41 

lA-2 

41 

IB-i 

57 

IC4 

95 

ID-1 

107 

ID-2 

107 

lE^l 

122 


122 


incinerator status 


Off 

On 

Off 

Off 

Off 

On 

Off 

On 






Table XXIII. — Test IIA-I Performance Summary 


[Summer design day with thermal storage] 


Electricity generated, MJ (kWh) 10962.0 (3045) 

Air-conditioning, MJ (ton-hr) ^10 470.2 (827) 

Absorption, MJ (ton-hr) 5 355.4 (423) 

Compression, MJ (ton-hr) 5 U4.8 (404) 

Space heating, MJ (Btu) 0 (0) 

Trash incinerated (equivalent), kg (lb) 190.5 (420) 

Potable water heated, m^ (gal) *2.1 (3184) 

Wastewater treated, (gal) 32.7 (8640) 

Fuel consumed, (gal) * 0 (261) 

Peak electrical demand, kW 178 

Equivalent energy service (electricity and heat used), MJ (Btu) 24 251.2 (23 XIO ) 

Plant efficiency, percent 65 


^Excess cooling of 88.6 megiuoules (7 ion>hours) was produced and remained in the storage tank at the end of the test 


Table XXI V, — Test II A -2 Performance Summary 
[Summer design day without thermal storage] 


Electricity generated, MJ (kWh) 11 008.8 (3058) 

Air-conditioning, MJ (ton-hr) 10457.6 (826) 

Absorption, MJ (ton-hr) 5 545.3 (438) 

Compression, MJ (ton-hr) 4 912.3 (388) 

Space heating, MJ (Btu) 0 (0) 

Trash incinerated (equivalent) Not applicable 

Potable water heated, m^ (gal) *2.0 (3182) 

Wastewater treated, m^ (gal) 32 0 (8460; 

Fuel consumed, m^ (gal) * 0 (264; 

Peak electrical demand, kW 177 

Equivalent energy service (electricity and heat used), MJ (Btu) 24 251.2 (23 X 10 ; 

Plant efficiency, percent 65 


TV. 
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Table XXV. — Test IIB-I Perfomance Summary 
[Winter design day with thermal storage] 


Electricity generated, MJ (kWh) 

Air-conditioning, MJ (lon-hr) 

Absorption, MJ (ton-hr) 

Compression, MJ (ton-hr) 

Space heating, MJ (Btu) 

Trash incinerated (equivalent), kg (lb) 

Potable water heated, (gal) 

Wastewater treated, (gal) 

Fuel consumed, (gal) 

Peak electrical demand, kW 

Equivalent energy service (electricity and heat used), MJ (Btu) 
Plant efficiency, percent 


1 


7 837.2 (2177) 
0 ( 0 ) 
0 ( 0 ) 
0 (0) 

8 719.89 (8.27 X 10*" 
190.5 (420) 
12.0 (3182) 
32.7 (8640) 
0.8 (220) 
136 

20 486.99 (19.43 X lO') 
65.4 


Table XXVI. — Test lIB-2 Performance Summary 
[Winter design day without thermal storage] 


Electricity generated, MJ (kWh) 7 473.6 (2076) 

Air-conditioning, MJ (ton-hr) 0 (0) 

Absorption, MJ (ton-hr) 0 (0) 

Compression, MJ (ton-hr) 0 (0) 

Space heating, MJ (Btu) 8 519.55 (8.08 X lO*') 

Trash incinerated (equivalent), kg (lb) 381.0 (840) 

Potable water heated, m^ (gal) 12.0 (3182) 

Wastewater treated, m^ (gal) 32.7 (8640) 

Fuel consumed, mNgal) 0.9 (240.1) 

Peak electrical load, kW 140 

Equivalent energy service (electricity and heat used), MJ (Btu) 19 601.30 (18.59 X 10**) 

Plant efficiency, percent 57.4 


i 









Table XXVHj—TestHC^l ^tfommce Summary 
^rir^aU average day with thermal storage] 




Electricity generated* MJ (kWh) 

Air-oondituming. MJ (ton-hr) 

Absorption, MJ (ton«hr) 

Compression, Ml (ton-hr) ^ 

Space heating, MJ (Btu) 

Trash incinerated (equivalent), kg ()b> 

Potable water heated, (gal) 

Wastewater treated, (gal) 

Fiiel consumed, in^ (gal) 

Peak electrical demand, kW 

Eqtdvalent energy service (electricity and heat used), MJ(Btu) 
Plant elEdency, percent . 



7 984,8 (2218) 
1228.1 (97) 
1 228.1 (97) 
0 ( 0 ) 

369.04 (0.3S X 10‘) 
0 ( 0 ) 
12.0 (3182) 
32.7 (8640) 
0.7 (192) 
ISO 

17292J1 (16.4X10*) 
63 
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Figure L — ^Tihe MIST power generation subsystem. 
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Figure 2.— Power distribution simplified btook diiigTdm. 
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Figure 3.— Fuel consumption rate as a function of electrical load--4oiv%d-dr(nilationKX]oUfig mode (0.6 mVmin (160 gal/mki)) 
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Figure 6.-^Fuel ronsiimpUaii rate ais a function of electrical load-^bullient-cooling mode. 
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Figure 17. — Coolinp- water-loop schematic 














Figure 19, — Oil-coolam-loop schematic 
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Figure 21.— Continued. 
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Figure 22.— Concluded. 
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Figure ^6.— Continue (L 
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Figure 26 .— Continued. 
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Figure 27.-^hysical<heniical WMS. 







To item 4 


Drain 


Key: 

1 . Wascewater supply tank 7 . 

2 . Primary separator 8 , 

3. Sludge tank 9. 

4 . Molding tank 10 . 

5. Sewage regeneration, Keat exdianger 11 • 

6 . WIUI S heater , heat exchanger 12 . 


Flash mixer 13. Chlorine tank 

RO separation mociuie 
Acid tank 
RO sand filter 
High-pressure pump 


P-C clarifier 14, 

Carbon column 15. 

Chlorine contact tank 16 , 
Multimedia filter 17, 

Coagulant tank 

Figure 28. — ^Reverse-osmosis WMS. 


96 














Key: 

' — ' 

To item 4 Drain 

1 . Wastewater supply tank 

8 , P“-C clarifier 

15. 

Acid tank 

2 . Primary separator 

9. Carbon column 

16. 

RO sand filter 

3. Sludge tank 

10 . Chlorine contact tank 

17. 

HijVpressure pump 

A. Holding tank 

11. Multimedia filter 

18. 

Bio-surf 

5 . Sewage regeneration, heat exchanger 

12. Coagulant tank 

19. 

Biological clarifier 

6. WMS heater, heat exchanger 

13. Chlorine tank 

20. 

Oenitrifier 

7 . Flash mixer 

14 . RO separation module 

O 

Sampling points 


Figure 29.— Biological-tertiary WMS. 
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Figure 3t.— Ammonia reduction. 
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Figure 34» — A DEXTIR real-time printout. 
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Figure 35. — Continued. 
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Figure 35, — Continued. 
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Figure 35. — Continued. 
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Figure 35,— Concluded. 









MJ (Btu) 









1758.4 

(500) 


1406.7 

(400) 


Design summer 


1055.0 

(300) 


703.4 

( 200 ) 


Average summer 


Average spring — 


351.7 

( 100 ) 


Average fall - 


12 p.m. 2 a.m. 4aim. 6 a.m. 8 a.m. 10 a.m. 12 m. 2 p.m. 4 p.m. 6 p.m. Sp.m. 10 p.m. 12 p.m. 


Time of day 


Figure 38i— MIUS space<ooling>!oacl profile. 










compressfon chiller), kW 




Space-heating load, MJh (Btuh) 




rate, m^/min (gat/min) 












mvm 



Figure 45.— Test IIA-2: summer design day without thermal storage. 































. Figure 47.—Test IIB-2: winter design day without thermal storage. 
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APPENDIX 


MIST FACILITY DESCRIPTION 


GENERAL SYSTEM 

The MIST facility combines all normal utility 
functions into a single, integrated plant. The objec- 
tive of the MIST design was to maximize the use of 
waste products of one functional subsystem to 
enhance the performance of another subsystem 
function. This approach tends to minimize both the 
total input energy requirements and the polluting 
effluents. 

The basic system is Composed of four major 
functional elements: (1) power generation, (2) 
heating and air-conditioning, (3) wastewater treat- 
ment, and (4) solid-waste treatment. These major 
functional elements are represented in figure A-l, 
which is a block diagram of the basic relationships 
involved. Figure Ar2 is a simplified schematic of 
the system. Table A-I contains maximum perfor- 
mance parameters of the system. 


LOAD SIMULATORS 

The MIST load simulators enable the imposition 
on the system of any desired utility time/load 
profile. Climatic conditions independent of the ac- 
tual existing conditions or seasons can be simulated 
and compressed test schedules, as well as the in- 
vestigation of worst^ase conditions, are possible at 
any time. Loads for the wastewater and solid waste 
managm^t Subsystems are actual waste streams 
and refuse delivered to these subsubsystems for 
processing. 


POWER LOAD SIMULATOR 

The electrical load simulator is an immersion 
probe device wherein a pair of metal probes is posi- 
tioned in a tank of water; the load imposed is a 
direct function of the depth of immersion. The 
probes are winch diiven and are manually posi- 




tioned. Response time of the drive system is such 
that, for all practical purposes, an instantaneous 
load/time profile can be imposed. 


GOOLING-LOAD SIMULATOR 


The cooling4oad simulator is an air-to-water 
heat exchanger with a staged bypass. The MIST 
provides environmental cooling in the form of 
chilled water delivered at a temperature of 278.71 to 
280.93 K (42° to 46° F). The load imposed on the 
MIST equipment is the temperature increment A T 
created tetween the 278.71- to 280.93-K (42° to 46° 
F) cooling water and the warmer water returning 
from the load. This A T load can be controlled for 
any desired condition by diverting a portion of the 
flow around the heat exchanger through the bypass. 
The bypass valves are pneumatically controlled for 
rapid, accurate load imposition. The unit can im- 
pose loads ranging to a maximum of 175.7 kilowatts 
(600000Btu/hr). 


HEATING-LOADSIMULATGR 

The heating4oad simulator Is a 146.4-kilowatt 
(SOO 000 Btu/hr) air-to-water heat exchanger con- 
nected and controlled in the same fashion as the 
cooling4oad simulator described in the previous 
paragraph. The load is measured as a A T between 
the 355.37-K (180° F) supply water and the return 
front the simulator. 


SUBSYSTEMS DESCRIPTION 

The major subsystems of the MIST facility are 
described in the following subsections. 
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MIST Data Subayttam 


The MIST data subsystem provided engineering 
evaluation data for the integrated test efforts and 
performed the following functions. 

1. Recording of all operational and engineering 
instrumentation signals on magnetic tape (Each 
parameter was acquired and recorded in a digital 
representation of the measured analog value once 
every 90 seconds (data cycle) .) 

2. Readout of a single parameter at each data 
cycle 

3. Printout of the digital value of all parameters 
(The data subsystem selected parameters as they 
were being acquired and recorded.) 

Complete analysis of the data required process- 
ing of the computer-compatible-magnetic-tape data. 
These data were converted to engineering units 
(temperature in degrees Fahrenheit, pressure in 
pounds per square inch, etc.) by the standard pro- 
grams used for NASA Apollo spacecraft data pro- 
cessing. Tabulations, plots, and microfilms of the 
processed data were provided as outputs. 


Power Generation Subsystem 

The power generation subsystem (PGS) gener- 
ates, regulates, and controls electrical power for the 
simulated and internal loads of the MIST. The PGS 
consists of a diesel engine-generator set with wastes 
heat-recovery units on the engine exhaust stack, the 
engine lubrication oil cooling circuit, and the engine 
water-jacket cooling circuit. Figure A-3 is a 
simplified schematic of the PGS showing interfaces 
to other subsystems. Figure A4 depicts the power 
distribution network. 

To enable the evaluation of alternate operating 
modes, the PGS is configured such that it can be 
cooled in a forced-water-circulation mode or in an 
ebullient mode. Appropriate heat-recovery units 
are installed in each of the cooling loops to enable 
reclamation and use of the thermal energy. 

Tables A-II, A-III, and A-IV contain the PGS 
thermal, mechanical, and electrical parameters, 
respectively. 


Heating, Ventilation, and Air-Conditioning 
Subayatom 


The heating, ventilation, and air-eon aniuntnti 
(HVAC) subsystem provides heating and cooi.ng 
to the using facility. It has ihe capability to store 
and use thermal energy recovered from the .mwci 
generation subsystem and the incinerator. I i»>urc 
A-S is a simplified schematic of the subsystem .mo 
its interfaces. 

Cooling is provided by means of chilled water 
produced by an 87.9-kilowau (25 ton) absorptuin 
unit supplied with 103 x 10 pascals (15 psigj anti 
an 82.6-kilowatt (23,5 ton) electric compression 
reciprocating unit. The baseload is satisfied me 
absorption machine; peak demands, hy the com- 
pression unit. The cooling loop is equipped wan a 
9.8-cubic-meter (2600 gallon) cold-water storage 
tank capable of storing 303.7 megajouies (288 1K)0 
British thermal units). To evaluate multiple mode.s 
of operation, the storage tank output can oe 
switched to either the inlet or the outlet side of the 
chillers. This capability enables the load on the 
chillers to be minimized under all operating conai- 
tions, and the recovery capacity of the storage lanK 
is expanded. Chilled-water delivery to the simu- 
lated cooling load is controlled to 279.82 
dil.l (44* ± 2* F). Total cooling capacity of the 
system is dependent upon available waste energy 
from the engine and the incinerator, but the simula- 
tor is designed to impose loads as great as 175.7 
kilowatts (600 000 Btu/hr) on the system. 

Steam and/or hot water recovered through the 
heat exchangers interfacing with the engine and the 
incinerator is used to satisfy a 146.4-kilowati 
(SOO 000 Btu/hr) space-heating requirement, plus 
the simulated domestic-hot-water demands of the 
using facility. In addition, thermal energy is used to 
enhance the operation of the wastewater treatment 
plant. The heating circuit contains a hot thermal 
storage tank of 9.8 cubic meters (2600 gallons), 
capable of storing 1370.7 megajouies 
() 300 000 British thermal units). 

The inclusion of thermal storage tanks in the 
system enables a closer matching of the load- 
demand profiles imposed on the various sub- 
systems by reducing the energy usage during peak 
electrical loading for meeting space heating and 
cooling md thereby reducing the size, the quantity, 
and the cost of power generation equipment 
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A 6tS‘kilowaU (175 ton) capacity wet-cooling 
tower is provided to meet equipment operating 
limits and to enable portions of the MIST to be 
operated independently for flexibility. The 
blowdown water from the cooling tower is pro- 
cessed in the wastewater management subsystem 
(WMS) and returned as makeup water. 

The performance data for the HVAC subsystem 
are shown in table A-V. 

Wattownter Management Subeystem 

The WMS can process as much as 26.S m^/day 
(70(X)ga]/day) of municipal sewage and subsystems 
blowdown water. The effluents are purified water 
and sludge. The sludge is burned with trash in the 
incinerator. The effluent water is intended to have a 
quality approaching that of potable water but is to 
be used only as subsystem makeup water. Figure 
A-6 is a simplified schematic of the WMS and its in- 
terfaces. 

Principal elements of the subsystem include a 
physical^;hemieal treatment plant, a biological 
treatment plant, and a reverse-osmosis unit. For 
test purposes, the units are interconnected so that 
the waste stream can be proceed by an individual 
unit or by any combination. 

The subsystem has heat exchangers interfaced 
with the thermal loops so that the efliects of various 
controllable temperature levels can be evaluated. 
The output steam, of essentially potable quality, 
can be sterilized by chemical and/or thermal 
means. 

Performance parameters for the subsystem are 
as follows. 

1. Potable water — Heat 0.01 mVmin (2.77 
gal/min) to a temperature of 344.26 K (160® F). 

2. Wastewater 

a. Treat 18,9 to 26.5 mVday (5000 to 7(X)0 
gal/day) of sanitary sewage. 

b. Process reclaimed water to potable quality 
through the reverse-osmosis unit. 

c. Use reclaimed water for subsystems 
makeup. 

Sdid Waste Management Subsystem 

The solid waste management subsystem consists 
of an incinerator with its loader equipment, which 


burns solid waste and sludge. The thermal energy 
produced is exhausted out the stack through the 
heat-recovery unit to produce steam. Figure A-7 is a 
schematic representation of the subsystem and its 
interfaces. 

The loader is a hydraulic ram that injects a pre- 
measured load into the incinerator on command. 
At full load, 102.S kilowatts (350 (X)0 Btu/hr) of 
thermal energy in the form of steam at a pressure of 
103 X 10^ pascals (15 psig) can be recovered for use 
in the thermal loop. 

The subsystem specification performance is 
summarized as follows. 

1. Solid waste 

a. Refuse 136.1 kg/day (300 Ib/day) of 
type 2 trash 

b. Sludge — 56.7 kg/day (125 Ib/day) of 20- 
percent solid sewerage sludge 

2. Burn rate 

a. Design point — 31.8 kg/hr (70 Ib/hr) 

b. Maximum — 45.4 kg/hr (100 Ib/hr) 


Table A-l— Maximum Performance Parameters 


Power generation, kW 230 

Heatiiig, kW (Btu/hr) 146.4 (500000) 

Air-cooditipning, kW (tons) * . 175.8 (50) 

Water processing, m Vday (gat/day) 263 (7 000) 

Solid-waste disposal, kg/hr (Ib/hr) 31 .8 (70) 


Table A~IL — Power Generation Subsystem Thermal Properties 


Cfrcult 

Energy form 

Max. energy 
recovery, 
kW’ (Btuihr) 

Max. temperature, 
K CP) 

Forced-circufation cooling 

Oil aftercooler 

Water 

63.3 <216000) 

327.59 (130) 

Exhaust 

Steam (103 kPa 
(ISpaig)) 

135.0 (461 000) 

394.26 (250) 

Jacket 

Water 

163.4 (558000) 

“355.37 (180) 
“377.59 (220) 

Ebullient cooling 

Oit aftercooler 

Water 

63.3 (216000) 

327.59 (130) 

Exhausl/jacket 

Steam (103 tcPa 
(15 psig)) 

351.4 (1200 000) 

394.26 (250) 


!ict points are selectable for ensine operation. 
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Table A -III, — Power Generation Subsystem Mechanical Properties 


Engine suck exhaust 
Flow, mVmin (fl^/min) 
Pressure, Pa (in. H^O) . 
Temperature, K (“F) , . 

Exhaust silencer 
Flow, kgrttr (Ih/hr) . , . 
Pressure, kPa (pstg) . . , 
Temperature, K ("F) . . 

Jacket water 
Row, mVmin (gal/min) 
Pressure, kPa (psig) . . . 
Temperature, K (°F) . . 

Oil interchanger 
Flow, m^/min (gal/tntn) 
Pressure, kPa (psig) , . . 
Temperature, K ('’F) . . 

Fuel intake 

Flow, mVmin (gal/min) 
Pressure, kPa (psig) , . , 
Temperature 


0 to 67.4 (0 to 2380) 
4976.8 (20) 
505.37 to 713.71 (450 to 825) 


86.2 lo 294.8 (190 to 650) 
103 to 124 (15 to 18) 
394,26 (250) 


0.6 (160) 
138 (20) 

.355,37 to 388.71 (180 to 240) 


0,3 (80) 
276 (40) 
330.37 (135) 


0,015 to 0,068 (4 10 18) 
6.9 to 13.8 (1 to 2) 
Ambient 
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Table A-IV.— Power Generation Subsystem Electrh 
cal Parameters 


Peak demand, kW 230 

Votiage> V Bc (three phase) 480 

Frequency, Hz 60 

Power factor, min 0.8 

Voltage regulation, percent ±1 

Frequency regulation, percent -M),5 


Table A - V. — Heating, Ventilation, and Air-Conditioning Subsystem Thermal Parameters 


Cooling 

Absorption (variable), kW (lonji) 

Compression (variable), kW (tons) 

Storage in 9,8-m^ (2600 gal) water tank at 

279.82 K (44" F), MJ (Btu) 

Heating 

Space, kW (Btu/hr) 

Freshwater from 283,15 to 344.26 K 

(50" to 160" F), mVmin (gal/min) 

Wastewater from 283.15 to 310.93 K 

(SO" to 100’ F), m’/min (gal/min) 

Sterilization, K ("F) . * * 

Storage in 9,8-m^ (2600 gal) water tank at 
383,15 Ft (230" F), MJ (Btu) 


35.2 10 87.9 (10 to 25) 
17.6 to 82.6 (5 to 23.5) 

303.7 (288 000) 

Oto 146,4 (0 to 500000) 

0.010 (2.77) 

0,018 (4.86) 
:^373.15 (^212) 

1370.7 (1.3 X 10‘) 
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Figure A-7. — SoUd-waste-interface schematic. 
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